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Prev ious ly  we have repo r ted  ou r  i n v e s t i g a t i o n s  o f  t h e  thermal  
chemistry pathways o f  a number o f  e the r  systems under c o a l  convers ion 1 i k e  
condi t ions.  (1-4). I n  o u r  s tud ies  on naphthalene methyl e t h e r  p y r o l y s i s  (4) ,  
we d is t inguished t h r e e  ma jo r  r e a c t i o n  pathways a t  400'C (750OF): 0-C a l k y l  
cleavage y i e l d i n g  naphthols  and R-H a f t e r  hydrogen abs t rac t i on ,  an 
i somer i za t i on  pathway o f  t h e  s t a r t i n g  e the rs  and a rearrangement pathway 
i n v o l v i n g  i n i t i a l  a l k y l  C-H hydrogen abst ract ion.  
t h e  most impor tant  pathway i n  t h i s  system. 

We showed t h a t  t he  decomposit ion k i n e t i c s  o f  t h e  l -naphthalene 
methyl e t h e r  was f a s t e r  t han  t h a t  o f  t h e  2-isomer and t h a t  bo th  naphthalene 
ethers were the rma l l y  more r e a c t i v e  than a n i s o l e  (Table I). The product 
s la tes  f o r  t h e  e t h e r s  a r e  l i s t e d  i n  Table 11. 

Cleavage o f  t h e  0-C bond i s  

Figure 1 d e p i c t s  f o u r  poss ib le  pathways t o  form naphthalene f rom 
1-naphthalene methyl e the r .  (he way which appeared p a r t i c u l a r l y  a t t r a c t i v e  
was hydrodeoxygenation o f  naphthol. 
i n v e s t i g a t i n g  t h e  h igh  temperature chemist ry  o f  1-naphthol under coa l  
conversion l i k e  cond i t i ons .  

I n  t h i s  s tudy we pursue t h a t  ques t i on  b y  

1-Naphthol was heated t o  45OOC (R40'F) i n  a 30  cc  ba tch  autoc lave 
under an i n i t i a l  room temperature pressure o f  500 p s i  (3.5 MPa) o f  hydrogen. 
A t  react ion temperatures, t h e  t o t a l  pressure o f  t h e  system rose t o  -1000 
ps i .  As shown i n  Figure 2, under ou r  ( l a r g e l y )  gas phase r e a c t i o n  cond i t i ons ,  
t h e  major products a re  naphthalene and t e t r a l i n .  Other products  i d e n t i f i e d  
included I - t e t r a l o n e  and I - t e t r a l o l .  The presence o f  these  two Cl0 oxygenates 
i s  cons is tent  w i t h  t h e  r e s u l t s  o f  Poutsma and Dyer (5) who s tud ied  t h e  thermal 
chemistry o f  1-naphthol w i thou t  any ex te rna l  hydrogen. Thei r  work was c a r r i e d  
o u t  a t  4OOOC (75OoF), a temperature where 1-naphthol e x i s t s  l a r g e l y  i n  t h e  
l i q u i d  phase. 
naphthalene was obtained, comparable t o  o u r  naphthalene y i e l d s  f rom t h e  
thermolys is  o f  t h e  naphthalene methyl e t h e r s  (Table 11). 

Figure 2 shows t h a t  t h e  y i e l d  o f  t h e  hydroaromatic, t e t r a l i n ,  
diminishes w i t h  time w h i l e  t h a t  o f  naphthalene grows as a f u n c t i o n  o f  t ime.  
Th is  i s  cons i s ten t  w i t h  a con t inu ing  hydrogen demand f rom unreacted naphthol 
and other  hydrogen d e f i c i e n t  systems ( i  . e . ,  rad i ca l s ,  1 - t e t r a l o n e  and 1- 
t e t r a l o l )  s lowly  dehydrogenating t e t r a m  t o  naphthalene. 

Under thermal c o n d i t i o n s  where Poutsma and Dyer (5) show about 33% 
conversion, the major  products  a r e  d inaphthy l  f u ran  (53%), 1 - t e t r a l o n e  (18%). 
t e t r a l i n  (3%) and naphthalene (2%). 
conversion (39%), we found t e t r a l i n  (35%), naphthalene (28%), and 1 - t e t r a l o n e  
(10%). w i t h  on ly  5% d imer i c  and h igher  molecular  weight species. C lea r l y  w i t h  
moderate pressure hydrogen, even w i thou t  any added c a t a l y s t ,  t h e  d i m e r i z a t i o n  

In  t h e i r  hydrogen starved system, on l y  a 2% y i e l d  o f  

Under hydrogen a t  s i m i l a r  l e v e l s  o f  
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o r  "growth" pathway so damaging t o  h igh  o i l  y i e l d s  from coal  py ro l yses  i s  
superseded by reduc t i on  o f  t h e  hydroxy l -conta in ing r i n g .  We ca lcu  a t e  a r a t e  
constant  f o r  t h e  disappearan e o f  naphthol t o  be 2.2 x 
under hydrogen and 1.3 x lo- '  sec-]-at 400°C w i thou t  added hydrogen. 

Scheme I prov ides a s e r i e s  o f  thermal s teps which can account f o r  
t he  i n i t i a l  generation o f  phenolics, then aromatics, and f i n a l l y  
hydroaromatics under moderate hydrogen pressure. We beg in  w i t h  a r y l  a l k y l  
e thers,  moiet ies determined t o  be impor tan t  r e a c t i v e  components i n  l i g n i n s  (6) 
and i n  low rank coa ls  (7 ) .  
wi thout  external  sources o f  hydrogen, t h e  dominant pathway i s  one o f  
condensation t o  make a d imer i c  fu ran  (5) .  Since i n  a coa l  system, t h e r e  w i l l  
be some ava i l ab le  hydrogen (na t i ve  t o  t h e  c o a l )  even a p y r o l y s i s  w i l  1 l e a d  t o  
t h e  formation o f  some aromatic and hydroaromatic compounds as secondary 
reac t i on  products f o l l o w i n g  t h e  i n i t i a l  e t h e r  cleavage pathway t o  phenols. 

Experimental 

showed a p u r i t y  >99%). The s i x  batch reac to rs  employed were cons t ruc ted  o f  
316 s ta in less  s tee l  and have p rev ious l y  been descr ibed i n  d e t a i l  (8). Each 
reac to r  was charged w i t h  2.09 o f  1-naphthol and 500 p s i  (3.5 MPa) o f  hydrogen, 
attached t o  a rack and toge the r  plunged i n t o  a preheated f l u i d i z e d  sand b a t h  
and moderately ag i ta ted.  
I n d i v i d u a l  reac to rs  were removed from t h e  h o t  sand b a t h  a t  va r ious  t i m e s  and 
r a p i d l y  quenched by p lunging them i n t o  a water bath. 
c a p i l l a r y  gc. Use o f  an ex te rna l  s tandard (n-hexadecane) pe rm i t ted  
i d e n t i f i c a t i o n  o f  >90% by weight o f  t h e  charged ma te r ia l .  

sec-' a t  450°C 

I n  con t ras t ,  when t h e  naphthol i s  generated 

1-Naphthol ( A l d r i c h )  was used as received ( c a p i l l a r y  gc a n a l y s i s  

Heatup t imes are on t h e  o rde r  o f  1.5 minutes. 

Product a n a l y s i s  was by 

Summary 

1-Naphthol t he rmo lys i s  was s tud ied  a t  450'C (84OOF) under moderate 
hydrogen pressure o f  -1000 p s i  a t  r e a c t i o n  temperatures. The s u r p r i s i n g  
r e s u l t  i s  t he  marked d i f f e r e n c e  from e a r l i e r  r e s u l t s  repo r ted  o n  the rmo lys i s  
o f  1-naphthol under n i t rogen:  whereas t h e  condensed products ,  d inaph thy l fu ran  
and 1 - te t ra lone  a r e  dominant under n i t rogen;  i n  t h e  hydrogen case t e t r a l i n  and 
naphthalene are t h e  most important products. This change i n  r e a c t i o n  product  
i s  accounted f o r  by a new, compe t i t i ve  r e a c t i o n  pathway prov ided t o  t h e  system 
by the  molecular hydrogen. 
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Table I 

UNIMOLECULAR DECOMPOSITION RATES 
FOR METHYL ARYL ETHERS 

Batch Autoclaves, 3.5 MPa N2, 0.1 H r  Residence Time 

@ O'CH3 Anisole 

2-Methoxy- 
CH3 Naphthalene 

1-Methoxy- 
Naphtha1 ene 

% Recovered 
Ether I3 T=0.1 Hr 

450'C - 
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91 0.94 

71f2 

33f3 

0.5 4.1 

1.4 12 
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THERMOLYSIS O F  SUBSTITUTED ANISOLES 

A n t t i  I .  V u o r i  a n d  J o h a n  B-son B r e d e n b e r g  

D e p a r t m e n t  o f  C h e m i s t r y  
H e l s i n k i  U n i v e r s i t y  of T e c h n o l o g y  

SF-021 50 E s p o o  15, F i n l a n d  

INTRODUCTION 

The p o s s i b i l i t y  o f  u s i n g  b i o m a s s  a s  a c h e m i c a l  f e e d s t o c k  

h a s  i n  r e c e n t  y e a r s  a t t r a c t e d  i n c r e a s i n g  i n t e r e s t .  L i g n i n  
i s  o n e  o f  t h e  m a j o r  c o m p o n e n t s  o f  biomass. I t  i s  p r o d u c e d  

i n  l a r g e  a m o u n t s  d u r i n g  wood p u l p i n g  b u t  t h e  ma in  p a r t  of  

i t  i s  s i m p l y  b u r n t .  T h e r e  s h o u l d ,  h o w e v e r ,  b e  some p o s s i b i -  
l i t i e s  to  u s e  p a r t  o f  t h e  l i g n i n  as  r a w  m a t e r i a l  f o r  more 
v a l u a b l e  p r o d u c t s  ( 1 - 3 ) .  

The f i r s t  r e a c t i o n  s t e p  i n  a n y  c h e m i c a l  c o n v e r s i o n  process 
of l i g n i n  is thermal r u p t u r e  t o  s m a l l e r  u n i t s  ( 3 ,  4 ) .  Only  

t h e  p r o d u c t s  t h u s  fo rmed  a r e  s m a l l  e n o u g h  t o  react  w i t h  a 

h e t e r o g e n e o u s  c a t a l y s t  t o  t h e  u l t i m a t e  p r o d u c t s .  T h i s  b e -  

h a v i o r  c o r r e s p o n d s  t o  t h a t  f o u n d  f o r  c o a l .  T h e r m a l  r e a c -  
t i o n s  o f  l i g n i n  a s  w 11 as coa l  a r e  u s u a l l y  v e r y  c o m p l i -  

l i c a t e d .  T h i s  makes  t h e  i n t e r p r e t a t i o n  o f  e x p e r i m e n t a l  

r e s u l t s  f r o m  thermal  r e a c t i o n s  o f  l i g n i n  q u i t e  d i f f i c u l t  

t h o u g h  not  i m p o s s i b l e  5 - 7 ) .  S t u d y  o f  s u i t a b l e  l i g n i n  re- 
l a t e d  mode l  compounds  c a n  b e  of g r e a t  u s e  i n  t h e  i n t e r p r e -  

t a t i o n  o f  t h e  r e s u l t s .  A p p l i c a t i o n  o f  t h e  r e s u l t s  of model  

compound s t u d i e s  o n  more c o m p l i c a t e d  s t r u c t u r e s  m u s t ,  how- 

e v e r ,  a l w a y s  be d o n e  w i t h  care s i n c e  t h e  r e a c t i o n s  o f  macro-  

m o l e c u l a r  s t r u c t u r e s  a re  n o t  n e c e s s a r i l y  w e l l  r e p r e s e n t e d  

by s i m p l e  mode l  compounds as h a s  b e e n  n o t e d  i n  c o n n e c t i o n  

w i t h  coal ( 8 ) .  
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Thermolysis of hydroxy, methoxy and methyl substituted 
anisoles in the presence of tetralin has earlier been 
studied by Bredenberg and Ceylan ( 9 ) .  Their results are, 
however, probably influenced by effects caused by the reac- 
tor walls. This paper considers the thermolysis of the 
guaiacyl structure of lignin by comparing the thermal reac- 
tions of different hydroxy and methoxyanisoles (and ani- 
sole) both neat and in the presence of tetralin at molar 
ratio 1:l under conditions where wall effects have been mi- 
nimized. Some comments about the kinetic parameters of the 
model compounds studied are also made though the experi- 
ments performed are insufficient for a strict kinetic analy- 
sis. 

EXPERIMENTAL 

All the model compounds used as well as tetralin were pure 
or analytical grade and they were used without further 
purification. Only the meta substituted compounds contained 
so much impurities (about 2 . 5  % by GC) that these had to be 
accounted for in the results. 

The experiments were performed in 1 ml boron silicate glass 
ampoules (Duran 50) under argon atmosphere as described 
elsewhere ( 1 0 ) .  The same analytical procedures were also 
followed. The GC-MS analyses were needed only for the pro- 
ducts from the experiments with meta compounds. 

In addition to the thermolysis experiments some additional 
experiments were performed to test the effects of different 
kinds of materials as well as the possible wall effect on 
the thermolysis of hydroxyanisoles in the presence of tetra- 
lin at 638 K. The materials used for this purpose with all 
three hydroxyanisoles were sodium glass, AISI 304 and AISI 
316 steels, molybdenum powder, and boron silicate glass. 
Coal ash and silicon carbide were tested only with 0- and E- 
hydroxyanisole. The reaction time was 3.0 h for ortho and 
para compounds and 5.0 h for meta compound. The surface 

367 



area was approximately doubled in the experiments, except 
for the experiments with coal ash where the area was more 
than two hundred times the original. The results showed 
that sodium glass led to the formation of higher products 
with all hydroxyanisoles. Molybdenum and coal ash were 
found to enhance the conversion of the ortho and para 
compounds while there was no clear trend with the meta com- 
pound. No significant difference between the runs with 
plain boron silicate ampoules and those where boron sili- 
cate, silicon carbide or the aforementioned steels had been 
added were found. It should, however, be noted that molyb- 
denum containing steel alloys have been reported to be ac- 
tivated in hydroliquefaction of coal when treated with 
pyrocatechol ( 1  1 , 1 2 ) .  

RESULTS AND DISCUSSION 

Table 1 summarizes the experiments performed. The results 
are summarized in Figures 1 and 2 which contain the con- 
versions and the selectivities of the formation of the main 
products from each model compound. Formation of higher pro- 
ducts and char is also indicated in Figures 1 and 2 .  

A l l  hydroxyanisoles gave as the main primary products the 
correspondingly substituted dihydroxybenzenes and cresols 
(Figure 1 ) .  Neat E-hydroxyanisole showed also some forma- 
tion of methyl-m-hydroxyanisoles but because of the low con- 
versions as well as the content of impurities (about 0.7 % 

methyl-E-hydroxyanisoles by GC) these results are un- 
certain. Figure 2 shows that the o- and E-methoxyanisoles 
followed a reaction pattern of same type as the hydroxy- 
anisoles while E-methoxyanisole showed a stronger trend 
than E-hydroxyanisole to the formation of ring methylated 
products with two oxygen atoms. The possible pathways for 
product formation will be discussed in detail in relation 
to the C - 0  bonds reacting. 
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The methyl C-0 bond 

il 
The bond energy of the methyl C-0 bond in a guaiacyl struc- 
ture has been evaluated to be about 2 4 7  kJ/mol (3). It is 
clearly the weakest bond in 2-hydroxyanisole (guaiacol). 
The results in Figures 1 and 2 also demonstrate that the 
majority of the main products from both hydroxy and methoxy- 
anisoles were formed by breaking of this bond. 

Breaking of this bond in all hydroxyanisoles seemed to fol- 
low two parallel primary pathways. The formation of pyro- 
catechol from guaiacol has earlier been explained to take 
place by a free radical mechanism (13) or by a concerted 
mechanism ( 1 4 ) .  A concerted mechanism for the formation of 
the corresponding dihydroxybenzenes cannot be visualized 
for E- and p-hydroxyanisoles. 

The question of a concerted versus a free radical mechanism 
has been widely discussed in the context of both biomass 
and coal liquefaction. Stein (15) has commented on the mec- 
hanistic possibilities of the thermal reactions of guaiacol 
by noting that there are under conditions of very low pres- 
sure pyrolysis where bimolecular reactions cannot occur, 
methyl radicals but little or no methane as a product. This 
would indicate a free radical reaction. The mechanism of 
guaiacol thermolysis is obviously more complicated under 
high concentration. The presence of water, which is formed 
during the reaction, has also been found to have a pronoun- 
ced effect on the thermolysis of guaiacol ( 1 6 ) .  A combined 
free radical chain and concerted mechanism has recently 
been proposed for thermolysis of dibenzyl ether in the pre- 
sence of tetralin ( 1 7 ) .  

Our results (Table 2 )  showed that the rate of decomposition 
of guaiacol was about one order of magnitude higher than 
that of any other model compound studied. The apparent 
first order activation energy found for guaiacol in the pre- 
sence of tetralin (Table 3) was also unusually low which is 
in agreement with the values reported elsewhere ( 1 4 ) .  This 
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suggests that in addition to the homolytic mechanism an ad- 
ditional reaction mechanism, L.Z. the concerted mechanism 
is also operating. It is in this connection important to 
note that 2-methoxyanisole did not show any similar trend. 

The formation of correspondingly substituted cresols from 
the hydroxyanisoles as well as the formation of correspon- 
dingly substituted cresols and methylanisoles from 0- and 2- 
methoxyanisoles was the second primary pathway of the met- 
hyl C - 0  bond cleavage. For the para compounds an intra- 
molecular ipso-substitution seems to be the only reasonable 
explanation. For the ortho and meta compounds an inter- 
molecular methylation is still possible though, especially 
for the meta compound hardly probable. For the ortho com- 
pounds there is, in addition, the possibility of an intra- 
molecular methyl shift to the ortho position from the 
methoxyl group. Ceylan and Bredenberg (13) have presented 
an intramolecular rearrangement of guaiacol to 2-cresol 
which takes place via an enolic form of the ortho hydroxyl. 
No significant interaction between the substituents in 
- m-hydroxyanisole can be expected. Therefore the ipso- 
substitution requires some other mechanism. Anisole has 
been explained to react through a phenoxymethyl radical 
formed by methyl hydrogen abstraction to a benzyloxy 
radical via a spiranic oxiran intermediate under corres- 
ponding reaction conditions ( 1 0 ,  1 8 ) .  The primary products 
from a benzyloxy radical are, however, benzaldehyde and 
benzyl alcohol which in turn can then be reduced to 
toluene. There was no indication of this type of products 
in any GC or GC-MS analyses made of the thermolysis pro- 
ducts of hydroxy and methoxyanisoles during the present 
work. It should, however, be noted that Kislitsyn s. 
( 1 9 )  have found both 2-hydroxybenzaldehyde and 2-hydroxy- 
benzyl alcohol among the products of short contact time py- 
rolysis of guaiacol at 7 7 3  K. 

The results of the experiments with E-methoxyanisole (Fi- 
gure 2 )  differed from those noted above. The cleavage of 
the methyl C - 0  bond to form E-hydroxyanisole corresponds 
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to the reaction of the other compounds studied. There was, 
however, no noticeable ipso-substitution of the methyl 
group despite of the greater proportion of ring methylated 
dihydroxy compounds. E-Hydroxyanisole also showed a si- 
milar trend. This is probably due to the ortho-para- 
activating effect of both hydroxyl and methoxyl groups. The 
meta compound has been found to give the greatest propor- 
tion of ring methylated products also in catalytic hydro- 
deoxygenation of hydroxyanisoles ( 2 0 ) .  

It is also interesting to note that the decomposition rate 
of neat E-methoxyanisole was roughly twice the decompo- 
sition rate of neat anisole (Table 2 ) .  This could be inter- 
preted to mean that the methoxyl groups in m-methoxy- 
anisole react fairly independently. 

The aromatic C-0 bond 

The bond energy of the aromatic C - 0  bond of the methoxyl 
group in a guaiacyl structure has been evaluated to be 
about 356 kJ/mol, and of the hydroxyl group about 414 kJ 
/mol (3). For the corresponding homolytic bond scissions a 
high activation energy is hence required. This correlates 
well with the fact that guaiacylic model compounds have 
usually been found to give, under mild thermolysis condi- 
tions, only small amounts of products with one oxygen atom 
(6, 13, 14, 21). 

Our results suggest that there was no significant direct 
scission of the aromatic C - 0  bonds in guaiacol (Figure 1 ) .  
The formation of phenol takes place most probably via pyro- 
catechol. The results of the experiments with E- and E- 
hydroxyanisole are not as clear. 

Anisole and aromatic hydrocarbons were found only in trace 
amounts in the hydroxyanisole series. The scission of the 
phenolic C - 0  bond has been suggested by Stein (15) to take 
place probably by an ionic mechanism. Tentative experiments 
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performed with the dihydroxybenzenes in the presence of 
tetralin gave almost exclusively phenol as a single ring 
aromatic product from pyrocatechol and hydroquinone whereas 
no phenol was found in experiments with resorcinol. These 
experiments also showed that higher products were formed 
from hydroquinone even in the presence of tetralin, a re- 
sult which can also be seen in Figure 1 .  

The results of the methoxyanisole series (Figure 2 )  showed 
significant differences in the breaking of the aromatic C - 0  

bonds in comparison with the hydroxyanisole series. In addi- 
tion to the formation of phenol there was also significant 
formation of anisole from all three methoxyanisoles. The 
analyses made a l s o  indicated the presence of the products 
formed in the decomposition of anisole ( 1 0 ) .  

Anisole has earlier been reported to be formed from 0- 
methoxyanisole ( 2 2 ) .  The formation of anisole from all 
three methoxyanisoles is not easily explained. If must' ta- 
ke place by direct demethoxylation but the presence of a 
hydroxyl group seems to prevent it for reasons not known. 

The overall kinetics 

The decomposition rates of all the model compounds studied 
can be fitted into first order kinetics (Table 2 )  though 
the gross conversion include parallel reaction pathways. 
The apparent first order activation energies are shown in 
Table 3 .  These values are partly uncertain since in some 
cases they are based only on a few experiments at two 
temperatures (Table 1 ) .  Hence, only a few comments are 
made. The unusually low activation energy of guaiacol in 
the presence of tetralin has already been discussed. The 
results of neat guaiacol are too few for a proper analysis. 
Tables 2 and 3 also show that tetralin has, in addition to 
decreasing the reaction rates, some effect on the apparent 
activation energies. This is probably due to the quenching 
effect tetralin has on free radical chain reactions. 
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CONCLUSIONS 

The main reaction in the thermolysis of all hydroxyanisoles 
is the breaking of the methyl c-0 bond. Two reaction path- 
ways can be distinquished, the first one leading to the for- 
mation of the correspondingly substituted dihydroxybenze- 
nes, and the second one leading to the formation of the cor- 
respondingly substituted cresols. For guaiacol the former 
pathway takes partly place, in addition to a homolytic bond 
breaking, by a concerted mechanism. A concerted mechanism 
cannot, however, be visualized for E- and phylroxyanisole. 
The latter pathway is thought to take place via a spiranic 
oxiran intermediate. For guaiacol there is also the possi- 
bility of an intramolecular methyl shift to the ortho po- 
sition from the methoxyl group. The formation of cresols 
via methyldihydroxybenzenes does not, however, seem to be 
very probable. Neat =-hydroxyanisole shows, in addition, 
some formation of methyl-E-hydroxyanisoles. Breaking of the 
aromatic C-0 bond in the hydroxyanisoles occurs only to a 
minor extent under mild thermolysis conditions. 

The 0- and 2-methoxyanisoles follow a reaction pattern of 
the same type as the hydroxyanisoles while E-methoxyanisole 
gives more ring methylated products with two oxygen atoms. 
There is, however, no indication of a concerted mechanism 
for 2-methoxyanisole. The formation of anisole by direct 
demethoxylation is significant for all three methoxy- 
anisoles. 

The decomposition rate of all the model compounds studied 
is decreased by the presence of tetralin. 
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Table 1 .  Experimental data 

reaction tem- reaction time 
model compound 

- 0-OH-anisole, neat 

-with tetralin 

- m-OH-anisole, neat 

-with tetralin 

p-OH-anisole, neat 

-with tetralin 

o-OCH -anisole, 
neat 3 - 

-with tetralin 

m-OCH -anisole, - 3  neat 

-with tetralin 

p-OCH3-aniso.le, 
neat 

-with tetralin 

perature (K) 

6 2 3  
6 48 
6 7 3  

6 2 3  
6 4 8  

6 2 3  
6 4 8  
6 7 3  

6 4 8  
6 7 3  

6 4 8  
6 7 3  

6 4 8  

6 7 3  

(h) 

0 .6 ;  1 .0 ;  
0 .5;  1 . 0 ;  
( 1 . 0 ;  2 . 0  

0 . 7 5 ;  1 .0  
0 . 5 ;  0 . 5 ;  
4.0; 4.0 

2.0;  3 .0;  
1.0; 1.0; 
1 .0 ;  1 . 0 ;  

0 .5;  1 .0;  
0 .5;  1 . O ;  

1.0; 2.0; 
0 .5;  2.0 

0.5;  1 .0 ;  
4.0 
0 .5 ;  1 .0 ;  

(2.0) 
2.0; 3.0 

2 . 0 ;  3 .0 ;  4 .0 
1 . 0 ;  2 .0 ;  2 . 0 ;  3 . 0 ;  

4.0 
2.0;  2.0; 3 . 0 ;  4.0 
2.0;  4.0; 4 .0 

2.0;  3 .0 ;  4.0; 4.0 
2 .0 ;  2 . 0 ;  3 . 0 ;  4 . 0  

4.0 

2.0; 2.0; 3 .0;  4 .0;  

2 .0 ;  2.0; 3 .0;  4.0 

1 .0 ;  2.0; 6 4 8  4.0 
6 7 3  0 .25 ;  0 .5 ;  2 .0  

6 2 3  1 . 3 3 ;  2 .0 ;  4 .0;  5 .0;  7.0 
6 4 8  1.0;  1 .0 ;  2.0; 3.0; 4.0 
6 7 3  0.5;  1 . 0 ;  1 .0 ;  1 . 5 ;  2.0 

6 2 3  2.0; 3 .0 ;  4.0 
6 4 8  1.0;  1 .o; 2 .0;  4 . 0  
6 7 3  1.0; 2 .0;  2 .0;  4.0 

6 4 8  1.0;  2.0; 2 .0 ;  3 .0 ;  4 .0  
0 .5 ;  1 . 0 ;  1 . 5 ;  2.0; 2.0 6 7 3  

6 4 8  1.0; 2 .0;  4.0 
6 7 3  0 . 2 5 ;  0 . 5 ;  2 . 0  

6 2 3  1 . 3 3 ;  2 .0 ;  4 .0 ;  5 .0 ;  7 .0  
6 4 8  1 . 0 ;  1 . 0 ;  2 .0 ;  3 .0;  4 .0 
6 7 3  0.5;  1 . 0 ;  1 . 0 ;  1 .5;  2.0 

-experiments in parentheses are not used for kinetic parameters. 
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T a b l e  2 .  The a p p a r e n t  f i r s t  o r d e r  r a t e  c o e f f i c i e n t s  of t h e  
model compounds.  

model 1 05*k r 1 05*k r 1 05*k r 
6 2 3  K 6 4 8  K 6 7 3  K 

compound ( 1 / s  1 ( l / s )  ( l / s )  

-neat 
a n i s i l e  ( 1 o ) 0 . 7 6 5 0 . 1 3  0 . 9 5 9  3 .9150.59  0.957 
- 3 - O H  12 .521  .O 0 . 3 9 7  3 6 . 2 2 2 . 6  0.992 
m-OH 0 . 4 3 + 0 . 0 2  0 .998  1 . 3 4 + 0 . 1 1  0 .983  23 .7+2.6  0 .977  - - 
2 - O H  5 .36F0.83  0 . 9 7 7  54 .0z9 .4  0 .985  
- o-OCH3 7 . 4 1 2 1 . 0 5  0.981 70 .8214.2  0.962 
- m-OCH3 0 . 5 1 2 0 . 1 3  0 . 9 4 5  1 . 3 3 ~ 0 . 1 6  0 . 9 7 9  8 .0921 - 6 7  0 .942  
p - O C H 3  6 . 8 4 2 0 . 7 5  0 .988  57 .0214.4  0 .942  

- w i t h  t e t r a l i n  
a n i s o l e (  1 0 )  0 . 3 1 5 0 . 0 4  0 . 9 6 7  2.09+0.16 0 .987  
- 3 - O H  6 . 5 8 2 0 . 3 9  0 . 9 9 3  23 .051 .4  0 .987  
m-OH 0 .4820.11  0 . 8 9 7  1 . 9 3 2 0 . 1 4  0.986 
E-OH 2 .5020.16  0 . 9 8 8  18 .521  .O 0.992 
- 0-OCH 1 . 5 2 ~ 0 . 1 1  0 .989  8 . 0 1 2 0 . 7 3  0 . 9 8 4  45.722.4 0.995 
m-OCH: 1.00+0.19 0 .932  4.58+0.20 0.996 
E-OCH3 1.0220.1.2 0 .975  5 .8250.54  0 . 9 8 3  30 .320 .4  1 .000  

T a b l e  3. The a p p a r e n t  f i r s t  o r d e r  A r r h e n i u s  p a r a m e t e r s  of 
t h e  mode l  compounds.  

model  compound EA ( k J / m o l )  loglOA ( l / s )  

- n e a t  
a n i s o l e ( l 0 )  237246 1 4 . 0 2 3 . 7  

m-OH 27721 1 1 7 . 8 2 0 . 9  
5-OH 335249 2 2  - 7 2 3 . 9  
- o-OCH3 327251 22.324.1 
- m-OCH3 192231 1 0 . 7 2 2 . 5  
E-OCH 308257 20 .624  .6 

- w i t h  t e t r a l i n  
a n i s o l e (  1 0 )  276230 1 6 . 8 2 2 . 3  

- m-OH 201240 1 0.923.1 

- o-OCH3 23729 1 5 . 0 ~ 0 . 7  

p-OCH3 23729 1 4 . 8 2 0 . 6  

- 3-OH 143220 8 .121 .7  

- o-OH 16821 6 9 .921 .3  

2-OH 29021 7 1 8 . 8 2 1 . 4  

- m-OCH3 221232 1 2 . 8 2 2 . 5  
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&i 

623 K, 0 . 6 - 2 . 0  h 
X = 25.8-40.8 X 
648 K, 0 . 5 - 3 . 0  h 
X = 52.3-98.0 X 
673 K, 1 . 0 - 2 . 0  h 
x = 99+ X 

+m 
623 K, 0 . 7 5 - 4 . 0  t 

X = 14.4-60.0 I 
648 K, 0 . 5 - 4 . 0  h 

X = 25.1-96.8 X 

&? 

623 K, 2 . 0 - 4 . 0  h 

X = 3.4-6.1 X 
648 K, 1 .0 -4 .0  h 

673 K, 1 . 0 - 4 . 0  h 
X = 41.7-97.5 X 

X = 3.6-17.5 X 

648 K, 0 .5 -4 .0  h 

X c. 0-8.4 Z 
673 K, 0.5-4.0 h 
X = 3.3-24.7 Z 

6 
648 K. OH 1-4 h 
X 26.3-54.7 X 
673 K, 0 . 5 - 2 . 0  h 

X = 81.0-98.3 X 

648 K, 0 . 5 - 4 . 0  h 

X = 4.0-31.1 X 
673 K, 0 . 5 - 4 . 0  h 

X = 26.4-93.7 X 

HIGHER, 6 O H  &CH3 0 OH @ OH @OH OH 

623 K- 
CHAR, 

648 K- CH3 
C"r 

S ( X ) :  14.7-15.8 4.3-6.6 2.7-3.1 1.4-1.6 1.0-1.3 

S'(9.1: 7.1-18.2 1.2-5.2 3.0-4.1 0.6-1.5 0.5-1.1 

S ( % I :  4.4-8.5 1.0-1.6 6.5-8.8 0.4-0.6 0.4-0.6 

OH OH OH OH OH 

> '  
CH3 

S ( 5 ) :  71.7-82.0 2.4-7.7 2.7-4.9 6.0-8.1 6.0-7.0 

S ( X ) :  64.1-83.6 3.6-10.3 2.0-14.3 4.4-7.2 3.8-5.2 

S ( X ) :  34.6-44.9 6.6-12.4 5.9-7.3 27.5-30.5 3.0-5.1- 

S ( X ) :  42.7-67.1 2.8-5.1 1.3-13.4 17.7-27.9 2.5-5.2 

S ( X I :  0.7-23.1 1.8-5.0 0.3-1.5 0.3-6.0 0.3-2.0 

OH OH OCH3 0% OH 

; ( X ) :  24.7-64.2 - - . 4.9-14.7 

; ( X ) :  56.7-86.6 8.5-16.3 - 10.1-15.4 

48 IGHER, K- 6 6 6 4 
HAR, 
73 K- OH 
j ( X I :  26.6-27.9 8.4-10.6 4.0-5.9 1.7-2.7 

C"3 0 CH3 

S ( X ) :  5.8-24.3 4.4-7.2 7.1-8.3 0.8-2.1 

OH OH OH OH 

OH C"3 
S ( X I :  63.4-82.2 8.4-12.1 1.4-2.4 8.2-9.4 

S ( X ) :  30.7-78.5 10.7-12.2 2.1-3.6 5.3-7.2 

Figure 1. Main products from the experiments with hydroxy- 

anisoles. 
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648 K, 1 . 0 - 4 . 0  h 
X = 36.5- 67.1 X 
673 K, 0.25-2.0 h 

623 K, 1 . 1 3 - 7 . 0  h 

X = 5.7-30.5 X 
648 K, 1 . 0 - 4 . 0  h 

X = 17.2-69.8 X 
673 K, 0 . 5 - 2 . 0  h 

X = 55.3-96.3 X 

623 K, 2 . 0 - 4 . 0  h 
X = 5.8-7.2 X 

X = 5.6-17.8 L 
648 K, 1 . 0 - 4 . 0  h 

673 K, 1 . 0 - 4 . 0  h 
X = 41.4-70.2 I 

648 K, 1 . 0 - 4 . 0  h 

x 3.5-14.6 X 
673 K, 0 . 5 - 2 . 0  h 

X E 10.9-28.9 X 

648 K, 1 .0 -4 .0  h 
X = 26.7-62.9 X 
673 K, 0 . 2 5 - 2 . 0  h 

623 K, 1 .33 -7 .0  h 
X 3.1-21.2 X 
648 K, 1 . 0 - 4 . 0  h 
X = 13.7-58.6 X 
673 K, 0 .5 -2 .0  h 

OH OH OH OCH3 O C H j  

CHAR' 648 K- 6 @OH @CH3 0 OCH3 0 
S ( X ) :  14.0-18.8 1.9-5.4 3.1-4.9 0.6-3.4 5.6-7.5 9.8-11.8 

S ( X ) :  0.2-7.2 4.7-11.2 4.0-4.5 4.1-6.6 0.6-2.6 4.6-9.1 & &OH &CH3 6 GCH3 6' 
S ( X ) :  34.7-63.8 10.4-22.8 2.3-8.1 7.4-15.4 1.6-4.5 5.4-15.0 

S ( X ) :  13.7-55.8 6.3-47~0 2.8-7.3 0.7-1.7 9,5-14.4 4.6-7.9 

S (I): 2.0-19.5 46.3-58.3 2.5-6.9 1.3-4.0 8.3-11.4 4.9-9.3 

S ( I ) :  26.0-32.2 30.2-34.8 2.4-7.4 - 9.3-11.6 

S ( I ) :  34.9-39.6 22.7-32.2 4.8-8.2 - 11.5-16.6 

S ( X ) :  16.6-29.6 1.9-11.4 2.9-5.7 1.3-4.0 17.8-20.5 

GOH @OH H3 @OH CH3 6 6 
S ( X ) :  36.7-58.9 12.8-21.0 12.1-14.7 2-7-5.3 8.5-23.2 

S ( X ) :  44.2-55.1 9.4-15.6 6.4-11.9 1.8-3.8 14.6-21.7 

OH CH3 CH3 

648 K- 
CHAR, 

S ( X I :  16.1-23.0 0.5-0.6 0.8-1.5 0.3-0.6 8.8-10.1 10.8-14. 

S ( X ) :  3.3-15.4 4.6-4.8 2.3-5.1 2.5-5.8 2.9-6.1 6.6-15. 

0 
OH OH CH3 tH3 

S ( X ) :  61.7-73.1 2.2-3.4 (2.0) 6.0-10.9 4.2-6.7 8.8-11.; 

5 ( X I :  57.7-68.4 2.1-10.6 1.0-3.9 0.8-1.7 9.0-11.5 4.2-9.7 

5 ( X I :  40.1-66.1 7.2-26.0 1.7-7.1 1.2-1.6 9.3-9.8 8.0-10J 

Figure 2 .  Main products  from t h e  experiments  w i t h  methoxy- 

a n i s o l e s .  
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by 
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Exxon Research and Engineering Company 
Route 22 East, Cl in ton Township 

Annandale. NJ 08801 

I NTROD U CT I ON 

The work described i s  a cont inuat ion o f  our  s tud ies o f  t h e  thermal 
chemistry pathways o f  reac t i ve  oxygenates important i n  f o s s i l  f u e l  
hydrocarbons. 
acids. 
o i l s  from low rank coals, f o s s i l  f u e l s  known t o  con ta in  substant ia l  amounts of 
carboxy late func t i ona l i t y .  

Esters and ketones are p y r o l y s i s  products from ca rboxy l i c  
Ketones have been found t o  be i npo r tan t  components o f  hydropyro lys is  

THERMAL CHEMISTRY PATHWAYS OF ESTERS 

Conventional organic chemistry textbook wisdom describes es te r  
py ro l ys i s  on l y  i n  terms o f  o l e f i n  e l iminat ion.  and t h i s  on l y  w i t h  esters  of  
ca rboxy l i c  acids. N o l l e r  (1) s ta tes t h a t  "when es te rs  t h a t  have hydrogen on 
t h e  8-carbon o f  t h e  alkoxy group are,,heated t o  5OO0C, a molecule o f  ac id  i s  
l o s t  w i t h  t h e  formation o f  an o l e f i n  . This process i s  c a l l e d  p y r o l y t i c  c i s -  
e l im ina t i on .  
s tud ied and even t h e  textbook cases a r e  somewhat more complex than described. 

hexene acc-textbook mechanism, bu t  t h i s  i s  not  t he  only  thermal 
chemistry event. 
p y r o l y s i s  u n i t  (F igure 1) and i n  batch autoclaves. Condit ions were set  t o  
achieve conversion l e v e l s  o f  10-60%. The thermal chemistry mechanisms a r e  
independent o f  u n i t .  Using t h e  f l a s h  p y r o l y s i s  u n i t  and es tab l i sh ing  a vapor 
residence t ime  o f -  1-2 sec, t h e  major components i n  t h e  gas phase products 
inc luded hydrogen, methane, ethylene, propylene, water, carbon dioxide, and 
s u r p r i s i n g l y  carbon monoxide along w i t h  t h e  an t i c ipa ted  1-hexene (Table I ) .  
Experiments a t  equiva lent  condi t ions showed t h a t  a c e t i c  ac id  produces acetone, 
water and carbon d iox ide  as major products. 
ketones thermal ly  decarbonyl ate, t he  thermal conversion o f  hexyl acetate 
proceeds through 1-hexene and ace t i c  acid. Acet ic  a c i d  i t s e l f  i s  thermal ly  
r e a c t i v e  and produces water and acetone. The ketone decarbonylates t o  produce 
the  carbon monoxide observed. 
according t o  t h e  r e s u l t s  o f  Rebick (2) produces C1-C5 products w i t h  a 
r e l a t i v e l y  h igh  y i e l d  o f  propylene. 
t h i s  p i c tu re .  

Methyl acetate. 
requi red f o r  p y r o l y t i c  c is-e l iminat ion.  and a t  t h e  18% conversion l e v e l  
produces acetone, methanol and water as t h e  major l i q u i d  phase products. This 
would i n d i c a t e  acy l  oxygen, r a t h e r  than a l k y l  oxygen, cleavage. 

The s i t u a t i o n  w i t h  esters  l ack ing  6-hydrogens i s  l e s s  we l l  

Hex 1 acetate Hexyl acetate e l iminates a c e t i c  ac id  t o  form 1- 

Our thermal s tud ies were c a r r i e d  out  both i n  a f l a s h  

Since, as we w i l l  show below, 

F ina l l y ,  t h e  1-hexene s low ly  cracks and 

Our r e s u l t s  a re  f u l l y  cons is tent  w i t h  

This es te r  does no t  have t h e  s t r u c t u r a l  p roper t i es  
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men 1 acetate. Phenyl acetate un imolecular ly  decomposes on ly  a t  
t h e  acyl 0- t o  t h e  i n f l uence  o f  t h e  a r y l  r i ng .  As expected, t h e  
only  major organic 1 i q u i d  products of any consequence a r e  phenol>>>benzene. 
The unimolecular r a t e  constant f o r  phenyl acetate decomposition i s  0.35 min-1 
s. 0.44 min-1 f o r  benzoic a c i d  decomposition under s i m i l a r  cond i t i ons  ( 3 ) .  
(4). 

A new mechanism i s  proposed t o  account f o r  reac t i on  products when 
o l e f i n  e l i m i n a t i o n  i s  no t  f e a s i b l e  due t o  s t r u c t u r a l  const ra in ts .  Th is  
proposed mechanism i s  shown i n  Scheme I f o r  phenyl acetate. 
phenolic p o s i t i o n  has been shown t o  be a favored pathway i n  the  thermolysis o f  
benzyl phenyl e t h e r  (5).  ArO-H and ArCH2-H bonds a re  s i m i l a r  i n  strength, and 

Cleavage a t  t h e  

it i s  reasonable t o  invoke phenoxy rad i ca l  format ion i n  the  thermal chemistry 
o f  phenyl acetate. 
t he  benzy l ic  p o s i t i o n  i s  t h e  enhanced s t a b i l i t y  o f  benzyl and/or phenoxy 
rad i ca l s  through d e l o c a l i z a t i o n  o f  t h e  f r e e  e lect ron.  

A c o n t r i b u t i n g  d r i v i n g  f o r c e  f o r  t h i s  cleavage reac t i on  a t  

THERMAL CHEMISTRY PATHWAYS OF KETONES 

4-Oecanone. Treatment o f  t h i s  i n t e r n a l  ketone a t  6 O O O C  i n  t h e  f l a s h  
py ro l ys i s  u n i t  l e d  t o  conversion l eve l s  o f  18%. 
products (accounting f o r  85% o f  the  converted ketone) were ethylene, 
propylene, carbon monoxide and 1-hexene (Table 1-1). The r a t e  constant o r  t h e  

This exper imenta l ly  determined a c t i v a t i o n  energy imp l i es  a rad i ca l  chain. 
s ince t h e r e  i s  no bond t h i s  weak (- 36 Kcal/rnol) i n  t h e  system. A mechanism 
which accounts f o r  a l l  o f  t h e  observed products i s  shown i n  Scheme 11. 

The major fragmentation 

unimolecular decomposition o f  4-decanone was ca l cu la ted  t o  be -7.9 min- f . 
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SCHEME I 1  

I n i t i a t l o n  

0 
It A 

CH3CH2CH2C' + 'CH2CH2CH2CH2CH2CH3 

d '  a d b c  

Radical E l iminat ion Reactions 

CH3-CH2-CH2-C' ___$ CO + CH3-CHz-CH2' 

C H ~ - C H ~ - C H ~ , T ~  CH3-CH = CH2 + H' 
8 -e l im ina t i on  

.-> CH3-CH2-CH2-CH2-CH CH2 + H' 
8 -e l im ina t i on  

Cleavage a t  t h e  (b)  o r  (c) bonds can lead t o  octenones and nonenones 
and t o  methane and ethane/ethylene, a l l  i d e n t i f i e d  i n  the  product. 
a r i s e s  from a sequence o f  react ions u l t i m a t e l y  r e s u l t i n g  i n  cleavage a t  t h e  d 
and d' posit ions. 

Kcal/mol 
constant :t 6Oho'C o f  -11 min-l .  Table 111 presents t h e  product data f o r  t h e  
thermolysis o f  2-decanone a t  550 and 650OC. Here, as found w i t h  the  4-isomer, 
carbon monoxide i s  a s i g n i f i c a n t  product, t hus  conf i rming t h e  statement made 
e a r l i e r  t h a t  acyl r a d i c a l s  decompose re leas ing  carbon monoxide. 
t o  form aromatic r i ngs  becmes an important pathway by 65OOC as does format ion 
o f  s o l i d  carbonaceous mater ia l .  

Acetone 

2-Decanone. The a c t i v a t i o n  energy was ca lcu lated t o  be - 38 
or t e unimolecular decomposition o f  t h i s  ketone w i t h  a r a t e  

Ring c losu re  

A l i p h a t i c  ketones a re  formed f rom ' the  py ro l ys i s  o f  ca rboxy l i c  
acids. 
a t  s u f f i c i e n t l y  severe cond i t i ons  t o  methane, carbon monoxide and coke. 

1-Tetralone. A c y c l i c  ketone such as 1- te t ra lone undergoes a 
d i f f e r e n t  sequence o f  thermal transformations. Te t ra l i n ,  naphthalene and 1- 
naphthol a re  the  major l i q u i d  products when 1- te t ra lone i s  t rea ted  a t  425OC 
under an i n e r t  atmosphere. When hydrogen i s  present t he  y i e l d s  o f  t e t r a l i n  
and naphthalene increase, cons is tent  w i t h  r e s u l t s  publ ished e a r l i e r  (Table 

They, i n  turn,  decompose thermal ly  t o  l i g h t e r  o l e f i n s  and acetone, and 

I V ) .  
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TABLE I 

PYROLYSIS OF HEXYL ACETATE 
55OoC,-1-2 SEC. , HELIUM SWEEP GAS 

Gas Analysis, Relat ive b l e  % 

H2 CO C02 CH4 C2H4 C2H6 C3H6 C3H8 C 4 ' S  C5 'S  C6'S H20 

39 12 12 7.7 3.7 4.4 1.1 1.8 - 10 5.2 
- -  - - - - - -  - - - -  

TABLE I1 

4-OECANONE THERMOLYSIS 

6OO0C,-1-2 SEC. VAPOR RESIDENCE TIME 
3.89 GAS 

Yields 

S o l i d  

L iqu id  
4-Decanone 
Acetone 
1-Hexene 

n-Hexane 

Nonenones 

Others 

Gases 

H2 
CH4 

C2H6 
C2H4 

C3H8 
C3H6 
C4'S 

C 5 ' S  

H20 

co 

9 
0.02 

3.27 
3.11 
0.024 

0.049 

0.002 

0.021 
0.064 

0.48 

0.002 
0.050 

0.035 

0.12 
0.005 
0.10 

0.038 

0.014 

0.11 
0.07 

% o f  S t a r t i n g  Feed 

0.53 

86.3 
82.1 

0.62 

1.3 

0.05 

0.56 
1.7 

12.7 

0.05 
1.3 

0.9 
3.1 

0.12 
2.8 

1 .o 
0.4 

2.8 
0.2 

Total Recovered 3.779 99.4 
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TABLE 111 

Yields 

S o l i d  

L iqu id  
2-decanone 

acetone 
1-hexene 

n-hexane 
2-hexenes/C6H6 
1-heptene 
n-hexane 

2-heptenes/C7Hs 
1-octene 

n-octane 
2-octenes/EB,X YL 

CH3COs' o r  CH3 CO-cyclohexyl 
o thers 

Gases 

H2 
CH7 

C2H6 
C2H4 

C3H8 
Cq's 
C5'S 

"20 

co 

TOTAL RECOVERED 

2-DECANONE PYROLYSIS 

1-2 SEC. VAPOR RESIDENCE TIME 

3.73 g 
Feed 

-550'C 6 5 c  

9 
0.09 

3.67 
3.59 

0.003 

tr 

0.022 

0.029 

t r  

t r  

0.034 

0.093 

0.005 
0.013 

0.015 

0.001 
0.008 
0.024 

0.023 
0.004 

3.85 

x of 
Star t ing  Feed 

2.4 

98.4 
96.2 

- 
0.07 

tr 

0.61 

- 
0.80 

t r  
- 

tr 

0.93 

2.5 

0.1 

0.3 - 
0.4 
tr 

0.2 
0.6 

0.6 

0.1 

103.2 

_e 
0.45 

1.81 
1.23 
0.036 

0.039 

0.011 
0.101 

0.093 
0.009 

0.051 

0.091 

0.010 

0.047 
0.015 
0.87 

0.84 

0.112 

0.115 

0.053 

0.108 
0.097 

0.033 
0.003 

0.303 

0.009 

3.10 

x of 
S t a r t i n g  Feed 

12.1 

48.5 
33.1 

1 .o 
1.1 
0.31 
2.71 

2.89 
0.25 

1.37 
2.45 

0.27 

1.25 

0.40 
2.34 

22.5 

3.0 

3.1 

1.4 

2.9 

2.6 
0.9 
0.1 

8.1 

0.2 

83.1 
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llBCBANISTIC UODELING OF TEE PYROLYSIS OF ETBYLBAB BBIDGED POLYMERS 

K.R. Squ i re ,  P.R. Solomon, MOB. DiTaranto and R.W. Carawelo 

Advanced F u e l  Research. IIIC.. 87 Church S t r e e t ,  Bast Hartford, CI  06108, USA 

Recently, Solomon and King r epor t ed  a tar  fo rma t ion  model app l i cab le  t o  t h e  py ro lys i s  
of so f t en ing  bi tuminous c o a l s  (1). The i r  theory combined the random cleavage of weak 
bonds ( s i m i l a r  t o  a concept  used by Gavalas and coworkers (2)) w i t h  t r a n s p o r t  of 
depolymerizat ion f r agmen t s  by vapor i za t ion  and d i f f u s i o n  ( l i k e  Unger and Suuberg 
(3)). It p red ic t ed  c h a r  and tar y ie lds  and molecular  weight  d i s t r i b u t i o n s  and 
provided s e v e r a l  i n s i g h t s  i n t o  t h e  r o l e  of donatable  hydrogen and the  dependence of 
product d i s t r i b u t i o n s  on r e a c t i o n  condi t ions.  

The Solomon and King (SK) theory was developed using model polymers which con ta in  
func t iona l  groups r e p r e s e n t a t i v e  of c o a l  s t ruc tu re .  Polymers were s tud ied  because 
c o a l  is gene ra l ly  i n s o l u b l e ,  heterogeneous, and chemical ly  complex and is, therefore ,  
d i f f i c u l t  to  use i n  v a l i d a t i n g  models. Several  types of b r idg ing  groups between the  
a romat i c  r i n g s  in t h e s e  polymers were considered;  it was found t h a t  e thy lene  br idges 
decompose in t h e  same t empera tu re  range where c o a l  evolves  t a r  wh i l e  oxymethylene 
b r idges  c l eave  at  t empera tu res  which a r e  too l o w  and methylene b r idges  a t  
temperatures  which a r e  too high (1,4,5). From these  s t u d i e s  it 's been found t h a t  
e thy lene  br idged polymers a r e  q u i t e  va luab le  i n  e l u c i d a t i n g  the  mechanisms of t a r  
formation s i n c e  they have s imple,  wel l  e s t a b l i s h e d  chemical  s t r u c t u r e s  and melt  and 
produce t a r s  under cond i t ions  s i m i l a r  t o  those where s o f t e n i n g  bi tuminous c o a l s  form 
tar. 
b r idges  both play impor t an t  r o l e s  i n  t h e  formation of t a r  during py ro lys i s  of l i g n i n s  (6). 

Although t h e  SK t a r  fo rma t ion  model has been found t o  provide reasonable  p red ic t ions  
f o r  t a r  and cha r  y i e l d s  and f o r  t h e  molecular weight d i s t r i b u t i o n s  of t a r s ,  i t  
con ta ins  t h r e e  s i g n i f i c a n t  conceptual  problems: 

S tud ie s  on l i g n i n s  have a l s o  shown t h a t  c leavage of oxyethylene and e thy lene  

React ion y i e l d s  were con t ro l l ed  i n  t h i s  model by an  a d j u s t a b l e  parametek which 
determined how many donatable  hydrogens were a v a i l a b l e  f o r  capping the  
arylmethylene r a d i c a l s  formed when e thy lene  b r idges  cleave.  This  parameter 
has  been found t o  vary with r eac t ion  cond i t ions  and not  p r e d i c t a b l e  a p r io r i .  
The e f f e c t  of product  o l e f i n i c  br idges on t h e  bond breaking d i s t r i b u t i o n s  was 
not  included. The presence of unbreakable double bonds i n  the  ol igomer 
cha ins  should make i t  less l i k e l y  t h a t  monomers and dimers  w i l l  form. 
It is d i f f i c u l t  t o  extend the SK model t o  include r e a l i s t i c  chemical  
mechanisms s i n c e  t h e  a c t u a l  concen t r a t ions  of e thy lene  and o l e f i n i c  br idges 
a r e  not  monitored. 
computer run- t imes . Attempts t o  co r rec t  t h i s  problem have l e d  t o  excess ive  

paper, a r e v i s e d  ve r s ion  of the  SK model is presented which can Dredict 
product y i e l d s  and molecular  weight d i s t r i b u t i o n s  d i i e c t l y  from i n i t i a l  polymer 
s t ruc tu res .  I n  t h i s  model a l l  t h ree  of t hese  problems have been e l imina ted .  I n  
add i t ion ,  t h i s  new model has  been solved using Monte Carlo techniques,  i s  more 
e f f i c i e n t  computa t iona l ly  than t h e  SK model, and can p o t e n t i a l l y  be expanded t o  
d e t a i l e d  s imula t ions  of extremely complex polymers such a s  coal. 
t h i s  model p r e d i c t s  product  s p e c t r a  d i r e c t l y  from polymer s t r u c t u r e s  without  use of 
ad jus t ab le  parameters ,  i t  can be used t o  i n v e s t i g a t e  t h e  v a l i d i t y  of a l t e r n a t i v e  
py ro lys i s  mechanisms. S imula t ions  us ing  t h i s  model sugges t  t h a t  i p s o  s u b s t i t u t i o n s  
by H r a d i c a l s  occur  d u r i n g  the rma l  decomposition of e thy lene  br idged polymers and 
t h a t  r a d i c a l  recombinat ion r eac t ions  play an  important  r o l e  i n  determining the  
molecular weight  d i s t r i b u t i o n s  of py ro lys i s  t a r s .  

Furthermore, s i n c e  
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Poly(p-xylylene), 1, was purchased from Frinton Laboratories. As a byproduct of 
di-p-xylylene (p-cyclophane) synthesis, this polymer was very impure and contaminated 
with the dimer. 

Poly(l,4-dimethylenenaphthalene), 2, as prepared at Iowa State University using an 
adaptation of Golden's synthesis for poly(dimethy1enedurene) (7). This synthesis was 
accomplished using phenyllithium to couple the bis(bromomethy1) derivatives which 
were prepared from dimethylnaphthalenes using N-bromosuccinimide and benzoyl peroxide 
in CC14. The degree of polymerization (DP), defined as the number of monomer units 
in a polymer molecule, is estimated to be 64 (MW = 10,000). 
polymers as models for coal chemistry vas recently described by Squires et al. (E). 

Several pyrolysis experiments, including slow heating rate and flash pyrolyses, were 
carried out on these ethylene bridged polymers using an apparatus which employs an 
electrically heated grid within an infrared cell to provide on-line, in-situ analysis 
of evolved products by Fourier Transform Infrared (FT-IR) spectrometry. 
these experiments have been described previously (1,lO). 
Spectrometry (FIMS) were performed at SRI International and have been described by 
St. John and coworkers (11). 

It was purified by Soxhlet extraction in toluene for two days. 

Additional use of these 

Details of 
Field Ionization Mass 

TBgoBY 

The original SK tar formation model considered the molecular weight distribution, Qi 
in the reacting polymer and the molecular weight distribution, Ni of the tar, where Qi 
and Ni are the molar quantities of the polymeric component with DP=i in the reacting 
polymer and in the tar. The rate of change of Qi was written as: 

where dFi/dt was the rate of formation for the component with DP=i from the 
decomposition of components with DP)i in the reacting polymer; dBi/dt was the rate of 
disappearance by decomposition of the component with DP=i in the reacting polymer; and 
dNi/dt was the rate of transport of fragments with DP=i from the particle as tar or gas. 

The terms of dFi/dt and dBi/dt were the rate of creation and destruction of oligomers 
vith DP=i through the cleavage of weak bonds. The cleavage of these weak bonds was 
assumed to be a first order process with a rate constant k, be., the rate at which 
bonds break was k times the number of breakable bonds. It was further assumed that 
all' bonds in a given oligomer were equivalent and were breakable. 
vere (i-1) bonds in the polymeric component with D P = i ,  and the breaking of any one of 
them would remove that component from the distribution parameter Qi, the rate of 
destruction for the component i was written as 

Thus, since there 

dBidt/dt-(i-l)kQi 

Similar arguments were also used to write down the rate at which component i was 
created from oligomers with DP=j 7 i (see Eqs. 3 and 4 of Ref. 1). 

From Eqs. 1 and 2 it can be seen that this model only kept track of the molar 
quantities of tar and polymer oligomers; the actual concentrations of ethylene or 
olefinic bridges were not monitored. Instead, it was assumed that a DP=i oligomer 
always contained (i-1) breakable ethylene bridges. 

Since weak ethylene bridges were not explicitly removed when they donated hydrogens to 
"cap" free radicals, another parameter was necessary to determine the extent of 
reaction. In the SK model, the extent of reaction was controlled by an adjustable 
parameter, Fpdb. defined as the fraction of weak bonds (ethylene bridges) whose 
resulting free radicals could be stabilized by donatable hydrogens. 
of cleaved bonds was continuously monitored during a pyrolysis simulation and. when it 

The total number 
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go t  l a r g e r  t han  Fpdb. t h e  r e a c t i o n  was s a i d  t o  have completed. 
con t ro l l ed  char  and t a r  y i e l d s  in t he  o r i g i n a l  SK model. Unfortunately,  t h i s  parameter 
va r i ed  from polymer to polymer and a l s o  depended upon r e a c t i o n  condi t ions.  It could not 
be predicted from j u s t  a knowledge of t h e  polymer's 6 t r u c t u r e  and r eac t ion  condi t ions.  

Th i s  fo rmula t ion  f o r  tar  formation l e d  t o  s imple equat ions which were easy t o  so lve  
and a l s o  produced r easonab le  p red ic t ions  f o r  t a r  molecular weight d i s t r i b u t i o n s  (1.4). 
However. i t  is c l e a r l y  i n c o r r e c t  t o  assume t h a t  a DP=i ol igomer always con ta ins  (i-1) 
breakable  bonds, because a s  t he  depolymerizat ion r eac t ion  proceeds, many e thy lene  
br idges a r e  converted t o  o l e f i n i c  br idges fo l lowing  t h e i r  use a s  hydrogen sources. 
Towards t h e  end of t a r  fo rma t ion  i t  is e n t i r e l y  poss ib l e  t h a t  a DP=i ol igomer would 
con ta in  no breakable  e thy lene  bridges. I n  a more r e a l i s t i c  model the a c t u a l  numbers 
of both o l e f i n i c  and e t h y l e n i c  bonds need t o  be monitored. 

To take i n t o  account  t h e  e f f e c t  of o l e f i n i c  b r idges  i t  is necessary to keep t r ack  of 
t h e  number of o l igomers  w i t h  no double bonds, v i t h  1 double bond, w i t h  2 double  bonds, 
e t c .  This means t h a t  f o r  each DP=m oligomer, t he  concentrat ions of m double bond 
combinations need t o  b e  monitored. To fo l low the  depolymeriza ion of a polymer with 

need t o  be followed. The t ime evo lu t ion  of each of t hese  oligomer concen t r a t ions  is 
descr ibed by a s e p a r a t e  d i f f e r e n t i a l  equation. Thus, even t h i s  s imple model 
improvement l e a d s  t o  a d rama t i c  i nc rease  in t he  computat ional  e f f o r t  necessary t o  
so lve  it! 
a new approach t o  t h e  modeling of t a r  formations has been developed. 

The e s s e n t i a l  problem of modeling polymer pyrolyses  is simply t h a t  each modified 
ol igomer is t e c h n i c a l l y  a new chemical  species .  A s  more complex ol igomers  a r e  
t r ea t ed .  t h e  number of d i f f e r e n t i a l  equat ions desc r ib ing  t h e  t ime evo lu t ions  of 
t hese  ol igomers  r a p i d l y  p r o l i f e r a t e s  and becomes computat ional ly  unmanageable. 
An a l t e r n a t i v e  approach is t o  u se  Monte Carlo modeling techniques. 

I n  a Monte Carlo s i m u l a t i o n ,  s epa ra t e  d i f f e r e n t i a l  equat ions f o r  t h e  concen t r a t ions  of 
i nd iv idua l  modified o l igomers  a r e  not  e x p l i c i t y  solved. In s t ead ,  a s m a l l  
r ep resen ta t ive  sample of polymer molecules is symbolical ly  cons t ruc t ed  in t h e  memory of 
a computer. 
s u b s t i t u e n t s  are a t t a c h e d  t o  a given monomer, and how the monomers a r e  connected t o  
each other. 
a r e  a t tached t o  o the r  monomers o r  subs t i t uen t s ;  t h e  next  fou r  colums i n d i c a t e  the  bonds 
involved in each  a t t achmen t ;  and t h e  l a s t  keeps t r a c k  of each monomer's i d e n t i t y  (e.& 
benzene o r  naphthalene r ings) .  A s epa ra t e  row is s to red  i n  t h i s  a r r a y  f o r  each monomer 
included i n  t h e  s imula t ion .  
bonding p a t t e r n s  s t o r e d  t h i s  a r r a y  according t o  t h e  k i n e t i c  and vapor i za t ion  r a t e  laws 
of the t a r  formation model. 

In the c u r r e n t  conf igu ra t ion ,  25-40 polymer molecules can be s imula t ed  during a s i n g l e  
run  s o  t h a t  approx ima te ly  1200 e thy lene  br idges a r e  being decomposed. 
can  be connected t o  a s  many a s  fou r  o the r  monomers o r  r i n g  subs t i t uen t s .  
d i f f e r e n t  monomers and twenty bond types can be used t o  cons t ruc t  t he  polymers f o r  
each s imulat ion.  For example, unreacted polymer 1 would be s imula t ed  using only 
benzene monomers, e t h y l e n e  b r idge  connect ions between monomers, and methyl end groups 
f o r  t he  t e r m i n a l  monomers of  each polymer chain. 
proceeded, new bond t y p e s  would be introduced (e+ o l e f i n i c  b r idges  between monomers) 
t o  desc r ibe  t h e  g radua l  decomposition of t he  polymer. 

Vaporizat ions a r e  s i m u l a t e d  by removing a n  oligomer from t h e  computer's memory, by 
adding its mass to  the  running t a r  y i e ld ,  and by pu t t ing  a count in t h e  appropr i a t e  b in  
of a f i l e  desc r ib ing  t h e  molecular weight d i s t r i b u t i o n  of t h e  evolving t a r .  
example, when a molecu la r  weight  312 trimer from polymer 1 vaporizes  (composition: 
benzene monomers, 2 t e r m i n a l  methyl groups, 1 o l e f i n i c  b r idge ,  1 e thy lene  br idge) ,  a l l  
i t s  Pieces  would be removed from the  bonding a r r ays ,  312 atomic mass u n i t s  would be 

Thus, Fpdb d i r e c t l y  

i n i t i a l  chain l eng th  n. t he  concen t r a t ions  of approximately (n 5 )/2 d i f f e r e n t  ol igomers  

To avoid so lv ing  these  complex networks of coupled d i f f e r e n t i a l  equat ions,  

A bonding a r r a y  is used t o  keep t r a c k  of each monomer's i d e n t i t y ,  which 

The f i r s t  f o u r  columns of t h i s  a r r y  a r e  po in t e r s  i n d i c a t i n g  how monomers 

Pyro lys i s  is s imula t ed  by s t a t i s t i c a l l y  changing the  

Each monomer 
Up t o  f i f t y  

As the  py ro lys i s  s imula t ion  

For 
3 
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added t o  t h e  t a r  y i e ld .  and a s ing le  count would be added t o  b i n  312 of t h e  t a r ' s  
molecular weight d i s t r i b u t i o n  f i l e .  

A t y p i c a l  S imula t ion  proceeds a s  follows: A s e r i e s  of random numbers a r e  chosen to  
de te rmine  which "global" r e a c t i o n s  occur. I n  the  cu r ren t  conf igura t ion ,  oligomer 
evapora t ions  and a complex network of r eac t ions  desc r ib ing  the decomposition of 
e thylene  br idges  a r e  t h e  "global" react ions.  The random numbers a r e  compared wi th  
normalized r eac t ion  v e l o c i t i e s  t o  see  if the  pending r eac t ion  w i l l  occur. 
random number is l a r g e r  than  the  ve loc i ty ,  then the  program branches t o  a subrout ine  
which performs the  appropr i a t e  r e a c t i o n  "chemistry" on t h e  oligomer a r rays .  
random number is sma l l e r  than  the  ve loc i ty ,  then the next r eac t ion  is t e s t e d  u n t i l  t he  
l ist  is exhausted. Af t e r  every twenty i t e r a t i o n s  through the r eac t ion  l i s t ,  t i m e  is  
incremented us ing  t h e  observed concent ra t ion  changes and r eac t ion  v e l o c i t i e s .  The 
s imula t ion  cont inues  u n t i l  a p re se t  t ime is  reached or no f u r t h e r  changes i n  the 
bondiiig a r r a y s  a r e  occurring. 

The r e a c t i o n s  which have been included i n  the mechanism f o r  e thylene  b r idge  
decomposition a r e  presented  i n  Fig. 1. I n  Step 1, e thy lene  b r idges  homolyt ica l ly  
c leave  t o  form two ary lmethylene  r ad ica l s .  
and i t s  k i n e t i c  r a t e  cons t an t s  a r e  i n  good agreement wi th  p red ic t ions  based upon 
thermochemical k i n e t i c s  ca l cu la t ions  (5). 

The a ry lmethylene  r a d i c a l s  can then r e a c t  i n  s i x  ways: they can a b s t r a c t  hydrogens 
from unreacted e thylene  b r idges  (Step 2) or butylene br idges  (S tep  3), they  can 
s u b s t i t u t e  f o r  e thylene  br idges  (Step 4) o r  a romat ic  methyl groups (Step 5), and they 
can recombine wi th  o t h e r  a ry lmethylene  r a d i c a l s  (Step 6)  o r  w i th  e thy lene  br idge  
r a d i c a l s  (Step 7). Which of t hese  pathways occurs dur ing  a g iven  pass through the  
"chemistry" subrout ine  is determined by comparing a random number wi th  a set of 
normalized branching p r o b a b i l i t i e s .  
p r o b a b i l i t i e s  a r e  used t o  de te rmine  how the  decomposition proceeds,  but i n  a f u t u r e  
model we p l an  t o  c a l c u l a t e  t he  ind iv idua l  v e l o c i t i e s  of t he  r eac t ions  i n  Fig. 2 u s ing  
r a t e  cons t an t s  and s teady  s t a t e  r a d i c a l  populations.  I n  these  s imula t ions ,  branching 
p r o b a b i l i t i e s  w i l l  be the normalized r a t i o s  of t hese  r eac t ion  r a t e s .  

S teps  2-5 l ead  t o  new r a d i c a l s  vhich cont inue  t o  r e a c t  wh i l e  6 and 7 produce s t a b l e  
bonds and t e rmina te  the  reac t ion .  The butylene br idge  r a d i c a l s  of Step 3 a r e  assumed 
t o  spontaneously decompose v i a  a @ e l i m i n a t i o n  r eac t ion  i n t o  an e thy lene  br idge  
r a d i c a l  and an o l e f i n i c  br idge ,  Step 11. The a r y l e t h y l  and methyl r a d i c a l s  produced 
i n  S teps  4 and 5 a r e  assumed t o  s t a b i l i z e  v i a  a b s t r a c t i o n  of hydrogens from unreacted 
e thylene  br idges ,  S t eps  15 and 16. Thus, a l l  four  of t he  r e a c t i v e  pathways f o r  
arylmethylene r a d i c a l s  eventua l ly  form an e thylene  br idge  r ad ica l .  

I n  t h i s  model, e thy lene  br idge  r a d i c a l s  a r e  allowed t o  r e a c t  i n  th ree  ways: 
d i sp ropor t iona te  (S tep  8) .  they  can recombine t o  form buty lene  br idges  (S tep  9). or  
they can decompose v i a  a ) -e l imina t ion  r eac t ion  i n t o  a hydrogen r a d i c a l  and an 
o l e f i n i c  br idge  (S tep  10). 

The hydrogen r a d i c a l s  formed i n  Step 10 can  then  r e a c t  i n  th ree  ways: 
a b s t r a c t  hydrogens t o  s t a b i l i z e  (Step 12). they can s u b s t i t u t e  f o r  e thy lene  br idges  
(Step 13). o r  they can  s u b s t i t u t e  f o r  a romat ic  methyl groups (Step 14). 
and methyl r a d i c a l s  formed i n  S teps  13  and 14 a r e  assumed t o  s t a b i l i z e  v i a  hydrogen 
abs t r ac t ions  from unreac ted  e thylene  br idges ,  S teps  15 and 16. Thus, a l l  t he  
r eac t ions  of hydrogen r a d i c a l s  lead  t o  the format ion  of new e thy lene  b r idge  r a d i c a l s  
t o  r ep lace  t h e  ones l o s t  when Step  10 formed H r ad ica l s .  

This complex network of r e a c t i o n s  i s  an ex tens ion  of t h e  mechanisms proposed by S t e i n  
(12) and Poutsma (13) f o r  t h e  py ro lys i s  of diphenylethane. 
model, t hese  r eac t ions  a r e  c a r r i e d  out  on t he  polymer bonding a r r a y s  each t ime the  
s imula t ion  de te rmines  t h a t  an e thylene  br idge  has decomposed. 
diagram which shows how the  "chemistry" is c a r r i e d  out  by the s imula t ion .  

I f  t h e  

I f  t he  

This s t e p  is assumed t o  be r a t e - l i m i t i n g  

I n  t h e  cu r ren t  program f ixed  branching 

they can 

they  can 

The a r y l e t h y l  

I n  the  cu r ren t  Monte Carlo 

F igure  2 is a f low 
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as predic ted  by t h e  SK model. With 90% recombina t ion  of end r a d i c a l s  (Fig. 5c) the 
increase  i n  h igh  molecular  weight  oligomer counts is s i zeab le ,  whi le  recornbinations 
of bridge r a d i c a l s  (5d) make h igh  molecular  weight oligomers l e s s  abundant. 

Comparing the  expe r imen ta l  FIMS d a t a  fo r  polymer 1, Fig. 5a,  wi th  t h e s e  s imula ted  
spec t r a  i t  i s  apparent  t h a t  even higher end r a d i c a l  recombination f r equenc ie s  a r e  
necessary t o  reproduce t h i s  polymer's  uneven oligomer pa t t e rns .  C lea r ly ,  however, 
recombinations of b r idge  r a d i c a l s  can not be con t r ibu t ing  t o  the observed maximum i n  
t h i s  polymer's FIMS data .  

To understand why recombina t ions  of end r a d i c a l s  lead  t o  increased  popula t ions  of high 
molecular weight o l igomers  wh i l e  recombinations of br idge  r a d i c a l s  decrease  t h e i r  
populations,  w e  need t o  cons ide r  t he  counting s t a t i s t i c s  f o r  each type  of r a d i c a l :  fo r  
end r a d i c a l s  t he  p r o b a b i l i t y  of a r a d i c a l  occur r ing  on an oligomer is  independent of 
chain l eng th  ( they  occur only  a t  t he  ends of cha ins)  wh i l e  f o r  br idge  r a d i c a l s  the 
p robab i l i t y  of a r a d i c a l  occu r r ing  on an oligomer inc reases  w i t h  cha in  l eng th  (more 
bridges inc rease  the  number of s i t e s  w h e r e  a r a d i c a l  can occur). 

When two end r a d i c a l s  recombine, o l igomers  can be l o s t  i n  t h e  format ion  of l a r g e r  
oligomers or they  can be  formed from sma l l e r  ones. For t h e  DP = i oligomer,  t he  terms 
appearing i n  the  t ime  d e r i v a t i v e  would be: 

( 3 )  

Here the f ' s  a r e  t h e  p r o b a b i l i t i e s  of forming each r a d i c a l  oligomer and a is t h e  
l a r g e s t  oligomer which can  recombine. The f irst  term i s  due t o  format ions  from 
sma l l e r  o l igomers  and t h e  second i s  due t o  l o s s e s  i n  the  format ion  of l a r g e r  
oligomers. 
oligomer a r e  formed by t h e  homolyt ic  bond cleavage r e a c t i o n  (Fig. 5b), s o  w e  conclude 
t h a t  f i  i s ,  t o  f i r s t  approximat ion ,  a cons t an t  and i s  independent of the degree  of 
polymerization. 

From t h e  SK t a r  model w e  know t h a t  roughly equal  numbers of each s i z e  

P u t t i n g  f i  = c i n t o  equat ion  3 t h e  r e s u l t  is: 

Ri = c*(i-a-l)  ( 4 )  

Thus, recombina t ions  of end r a d i c a l s  decrease  the r a t e  of format ion  of a l l  oligomers 
but they a f f e c t  t h e  t i m e  d e r i v a t i v e s  of l a r g e  r a d i c a l s  less than those  of sma l l  ones. 
The net e f f e c t  is a s h i f t  i n  t h e  t a r  mass spectrum towards longer  cha in  l eng th  oligomers.  

When end r a d i c a l s  recombine w i t h  bridge r a d i c a l s ,  a d i f f e r e n t  r e s u l t  is found. Now 
the terms appear ing  i n  t h e  t ime d e r i v a t i v e  a r e  products of t h e  p r o b a b i l i t y  of f ind ing  
end r ad ica l s ,  f ' s ,  and t h e  p robab i l i t y  of f ind ing  r a d i c a l  b r idges ,  g 's .  

i -2  i- 1 a 

i = l  i = 2  i = 2  ,=1 
- f i &  Pj - p i c  f j  ( 5 )  Ri = c gi - j f j  + c f i - j g j  

The  f ' s  a r e  s t i l l  in i ependen t  of th; degree of polym;rization, i.;., f i  = C. 

the g 's  a r e  p ropor t iona l  t o  the  number of br idges  i n  an oligomer or gi = b(i-1). 
these p r o b a b i l i t i e s  a r e  i n s e r t e d  i n  Eq. 5. t h e  sums a r e  s l i g h t l y  more d i f f i c u l t  but 
can s t i l l  be c a r r i e d  out .  We f i n d  t h a t  

However, 
When 

Ri = b c ( i 2  - (3  + a ) i  + 2 + a - 2) a (a  - ') (6) 

This con t r ibu t ion  t o  t h e  t ime  d e r i v a t i v e s  is  quadra t i c  i n  t h e  degree of po lymer iza t ion  
and reaches a minimum a t  i = (a + 3)12. For our s imula t ions ,  recombinations can occur 
f o r  a t  l e a s t  40 o l igomers  ( the  s t a r t i n g  degree  of po lymer iza t ion)  so t h i s  minimum .pa 
occurs at a DP of a t  least 21. 
t h i s  formula  w e  f i nd :  

I n s e r t i n g  a = 40 and some t y p i c a l  va lues  of i i n t o  

R 1  = -781 bc Rg - -928 bc R10 - -1068 bc R15 - -1158 bc ( 7 )  

Thus, f o r  recombina t ions  between end and bridge r a d i c a l s ,  t h e  con t r ibu t ions  t o  the 

392 

! 



I' 
r a t e s  of format ion  of  t h e  o l igomers  w i t h  DP<21 a r e  a l l  nega t ive  and g e t  more nega t ive  
w i t h  i n c r e a s i n g  c h a i n  length.  These terms r e s u l t  i n  t h e  format ion  of r e l a t i v e l y  fewer 
midsized oligomers when t h e s e  recombinations occur than  when no recombinations occur. 

S i m i l a r  c a l c u l a t i o n s  fo r  recombinations of two br idge  r a d i c a l s  can a l s o  be c a r r i e d  out  
and y i e l d  a cubic  equat ion  f o r  Ri. 
and g e t s  more nega t ive  w i t h  i n c r e a s i n g  oligomer cha in  lengths.  
bridge r a d i c a l s  a l s o  r e s u l t  in t h e  format ion  of r e l a t i v e l y  fewer midsized oligomers 
during p y r o l y s i s  of t h e s e  e t h y l e n e  bridged polymers. 

Both k inds  of recombination r e a c t i o n s  a r e  probably important in pyrolyses  of e thylene  
bridged polymers, l i g n i n s ,  and coals.  The maximum i n  t h e  FIMS d a t a  of polymer 1 seems 
t o  be caused by recombination of end r a d i c a l s  whi le  rap id  mass drop-offs a r e  observed 
in t h e  FIMS s p e c t r a  of l i g n i n s  (6). l i g n i t e s  (1). and e t h y l e n e  bridged methoxybenzene 
polymer (5). 

This  cubic  is negat ive  in t h e  range DP - 1 t o  15 
Thus, recombinations of 

Examples of t h e s e  FIMS s p e c t r a  w i l l  be presented  dur ing  t h e  talk.  
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F i g .  1 Proposed Mechanism for the Decomposition of Ethylene Bridges. 
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Fig. 2 Flow Diagram for the Decomposition of Ethylene Bridges. 
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SOLVENT EFFECTS DURING THE R E A C T I O N  OF COAL AND 
BIOMASS MODEL COMPOUNDS I N  DENSE WATER 

J. R. Lawson. J .  R.  Obst, M. A. Abraham, S. H. Townsend and M. T .  K l e i n  
U n i v e r s i t y  o f  Delaware 

Department o f  Chemical Engineering 
Newark, DE 19716 

INTRODUCTION 

The chemical reac t i ons  t h a t  accompany the  e x t r a c t i o n  (1) o f  v o l a t i l e s  
from hydrocarbon resources w i t h  s u p e r c r i t i c a l  water (SCW) are f requen t l y  
obscured by the  comp lex i t i es  o f  t he  reac t i on  system. I n  contrast ,  t h e  
comparative s i m p l i c i t y  o f  model compound s t ruc tu res  and product spectra permi t  
r e s o l u t i o n  o f  r e a c t i o n  fundamentals ( 2 )  and subsequent in ference of  the 
f a c t o r s  t h a t  c o n t r o l  t he  reac t i ons  o f  r e a l  r e a c t i n g  systems. Here in we use 
model compounds t o  probe the k i n e t i c s  o f  the p y r o l y s i s  and s o l v o l y s i s  
r?ac t i ons  :hat l i k e l y  occur du r ing  t i l e  e x t r a c t i o n  o f  v o i a t i l e s  from coals and 
l i g n i n s .  

m i m i c  o f  key s t r u c t u r a l  aspects o f  l i g n i n ,  i n  SCk' ( 3 )  e luc ida ted  p a r a l l e l  
p y r o l y s i s  and h y d r o l y s i s  pathways, t h e  s e l e c t i v i t y  t o  the  l a t t e r  i nc reas ing  
l i n e a r l y  w i t h  water densi ty .  Guaiacol decomposition k i n e t i c s  were 
i n t e r e s t i n g l y  non l i nea r  i n  water dens i t y ,  which suggested the p o s s i b i l i t y  o f  
unusual cage o r  so l ven t  e f f e c t s  a t t r i b u t a b l e  t o  dense f l u ids .  
observed q u a l i t a t i v e l y  s i m i l a r  behavior f o r  t he  reac t i on  o f  each o f  dibenzyl 
e the r  (DBE), benzyl phenyl amine (BPA), and benzyl phenyl su lph ide (BPS) i n  
SCW and wish t o  r e p o r t  a candidate reac t i on  network t h a t  u n i f i e s  t h e  previous 
and present model compound r e s u l t s .  

RESULTS 

A prev ious study o f  t he  reac t i on  of guaiacol (orthomethoxyphenol), a 

We have 

Table I summarizes the reac t i on  cond i t i ons  o f  temperature, reac tan ts '  
concentrat ions and h o l d i n g  time. 
commercial ly a v a i l a b l e  ( A l d r i c h )  subst rates DBE, BPA and BPS were entered i n t o  
room temperature s t a i n l e s s  s t e e l  " t ub ing  bombs" t h a t  have been descr ibed 
elsewhere (3). 
constant  a t  the des i red  reac t i on  temperature, which was a t ta ined  by the 
reac to rs  i n  about 2 min; t h i s  heat-up pe r iod  was small compared t o  u l t i m a t e  
r e a c t i o n  t imes (up t o  40 min) and was, i n  any case, i d e n t i c a l  f o r  a l l  runs. 
Products were i d e n t i f i e d  by GC-MS and q u a n t i t a t e d  by GC as described elsewhere 

Measured amounts of t ap  water and the 

Sealed reac to rs  were immersed i n t o  a f l u i d i z e d  sand bath held 

(3,4). 

Neat DEE p y r o l y s i s  l e d  t o  to luene and benzaldehyde as major products 
a long w i t h  l e s s e r  amounts o f  benzene and benzyl alcohol. 
gave benzyl a lcohol ,  toluene, benzaldehyde and h igh molecular weight ol igomers 
(4 )  as major products  along w i t h  l ,e-diphenylethane, diphenylmethane and 
tr iphenylmethane as minor  products. The in f l uence  o f  water dens i t y  ( S )  on DBE 
decomposit ion k i n e t i c s  i s  i l l u s t r a t e d  i n  F igure 1, where DBE conversion ( x )  i s  
p l o t t e d  against  water  dens i t y  f o r  parametr ic  values o f  t he  reac t i on  t ime a t  

DBE reac t i on  i n  SCW 
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374°C. 
these occurred a t  about S = 0.4 i 0.05 i n  a l l  cases. 

major  Products and minor  products i n c l u d i n g  1.2 diphenylethane and 2-benzyl- 
a n i l i n e .  BPA r e a c t i o n  i n  water was t o  benzyl a l coho l  and benzaldehyde 
as  w e l l  as t h e  neat p y r o l y s i s  products. The i n f l u e n c e  
of S on BPA r e a c t i o n  k i n e t i c s  a t  386°C i s  I l l u s t r a t e d  i n  F igu re  2. For each 
r e a c t i o n  t ime  i l l u s t r a t e d  i n  F igure 2, BPA convers ion passes through a minimum 
as water  dens i t y  increases. 

Neat p y r o l y s i s  of BPS was t o  t h e  major product to luene as we l l  as 
th iophenol ,  pheny ld i su l f i de ,  and pheny lsu l f i de .  Oiphenylmethane and 
1-2-diphenylethane were minor products. BPS r e a c t i o n  i n  water l e d  t o  a l l  o f  
t h e  neat p y r o l y s i s  products  except diphenylmethane, as we l l  as minor amounts 
o f  benzaldehyde. 
i l l u s t r a t e d  i n  F igu re  3. For  each r e a c t i o n  t ime  i n  F igure 3, BPS convers ion 
passes through a minimum as water dens i t y  increases. 

D I S C U S S I O N  

Note t h a t  each curve i n  F igure 1 passes through a minimum value o f  x; 

P y r o l y s i s  o f  BPA l e d  t o  toluene, a n i l i n e ,  benza lan i l i ne  and o l igomers as 

The i n f l u e n c e  of  S on BPS r e a c t i o n  k i n e t i c s  a t  300°C i s  

Two experimental observations common t o  t h e  reac t i on  o f  each o f  
guaiacol ,  OBE, BPA and BPS m e r i t  summary. F i r s t ,  t he  o v e r a l l  r eac t i on  o f  each 
subs t ra te  i n  dense water  comprised p a r a l l e l  p y r o l y s i s  and s o l v o l y s i s  pathways, 
w i t h  t h e  s e l e c t i v i t y  t o  the l a t t e r  i nc reas ing  cont inuously  w i t h  i nc reas ing  
water densi ty .  Second, and f o r  a constant  reac t i on  temperature and t ime,  each 
r e a c t a n t ' s  convers ion passed through a minimum as t h e  water dens i t y  increased. 
These observat ions are consis tent  w i t h  the two complementary mechanis t ic  
i n t e r p r e t a t i o n s  t h a t  form t h e  basis o f  the model reac t i on  networks o f  F igures 
4a and 4b. We consider  these separately. 

I n  t h e  mechanism represented i n  F igure 4a, t he  general reac tan t  R can 
f o l l o w  e i t h e r  p y r o l y s i s  or s o l v o l y s i s  r q c t i o n  paths. 
f ragmentat ion o f  R t o  product  spectrum P 1  may, i n  general,  r e q u i r e  hydrogen 
consumption, which w i l l  be provided by the  reac tan ts  themselves. Thus, n o f  
F igu re  4a w i l l  t y p i c a l l y  be 3, 0, 1 and 1 f o r  guaiaAol, DEE, BPA and BPS, 
respec t i ve l y  (3,5). So lvo l ys i s  t o  product  spectrum P i n  F igu re  4a i s  modelled 
t o  occur through a so l va ted  reactant  in termediate,  Rg, t h a t  i s  caged by m 
water molecules. 
r e a c t i o n  product spectrum from P1 ( p y r o l y s i s - l i  ke)  toward P2 ( s o l v o l y s i s -  
l i k e ) .  

Three mode l l i ng  approximations a l lowed a n a l y t i c a l  d e r i v a t i o n  o f  a r a t e  
expression f o r  t h e  network o f  F igure 4a. 
considered t o  be r a p i d  and i n  v i r t u a l  e q u i l i b r i u m  a t  r e a c t i o n  condi t ions.  
Th is  i s  not  t r u e  du r ing  the small heat-up period. Second, so lvated reac tan t  
molecules were modelled t o  be caged and thus unable t o  f o l l o w  t h e  neat 
p y r o l y s i s  r e a c t i o n  path. 
e x i s t  on ly  a t  reac t i on  condi t ions,  and ambient ana lys i s  by gas chromatography 
would thus  p rov ide  the  sum R* = R t RS as the  observable f o r  k i n e t i c s  
analys is .  

Neat p y r o l y t i c  

Increases i n  2 t e r  dens i t y  w i l l  s h i f t  t h s o v e r a l l  observed 

F i r s t ,  reac tan t  s o l v a t i o n  was 

Thi rd,  t he  so lvated species RS was considered t o  
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Eq. 1 i s  a general r a t e  express ion f o r  guaiacol, DBE, BPA and BPS 
disappearance th rough  t h e  network o f  F igu re  4a; t h e  values o f  t h e  r a t e  
express ion parameters w i l l  be d i f f e r e n t  f o r  each reactant. 
values l i s t e d  i n  Table XI, t h e  p r e d i c t i o n s  o f  Eq. 1 and i t s  i n t e g r a t i o n  over 
t i m e  

For  t h e  parameter 

d t  1 + Ks? (1 + kzS l /KsSm) I R* r = - = [ -  -dR* -(n+l)kl + 

a r e  i l l u s t r a t e d  i n  F igures 5a and 5b as p l o t s  o f  t h e  reac t i on  r a t e  and 
conversion, respec t i ve l y ,  as a f u n c t i o n  o f  S a t  a f i x e d  temperature and time. 
Note t h e  p red ic ted  minima a r e  q u i t e  general and i n  accord w i t h  the 
experimental observations. The magnitude and occurrence o f  these minima are 
c l e a r l y  dependent upon t h e  values o f  r a t e  expression parameters. 

through,either a p y r o l y s i s  o r  s o l v o l y s i s  pathway t o  product spectrum 
P o r  Pz,  r e s p e c t i v e l y .  
t h e  a c t i v a t i o n  volume p r e s s w e  dependence, which was n o t  accounted f o r  i n  
F igure 4a; on t h e  o t h e r  hand, cage e f f e c t s  and thus so lvated reac tan t  RS are 
absent i n  F i  gure 4b. Q u a l i t a t i v e l y  , t h e  o v e r a l l  disappearance r a t e  and 
convers ion w i l l  pass through a minimum i n  pressure, and thus water densi ty ,  i f  
k decreases f a s t e r  than k2S w i t h  increases i n  so lvent  concentrat ion S. Cage 
e t f e c t s  i n  F igu re  4a and pressure-dependent r a t e  constants i n  F igure 4b thus 
account f o r  t he  same exper imenta l ly  observed behavior. 

SUMMARY AND CONCLUSIONS 

I n  t h e  mechanism o f  F i g u r e  4b t h e  general reac tan t  R fragments d i r e c t l y  

7 The r a t e  constants  k l  and k2 o f  F igure 4b i nc lude  

The o v e r a l l  r e a c t i o n  o f  each o f  guaiacol, DBE, BPA and BPS i n  dense water 
i s  a superpos i t i on  o f  neat p y r o l y s i s  and s o l v o l y s i s  reac t i on  pathways. 
product  spectra s h i f t  from pu re l y  p y r o l y s i s - l i k e  t o  s o l v o l y s i s - l i k e  w i t h  
increases i n  water concentrat ion.  For a given r e a c t i o n  temperature and t ime, 
t h e  reac tan ts '  convers ions pass through r e l a t i v e  minima as the water concen- 
t r a t i o n  increases. Two mechanis t ic  i n t e r p r e t a t i o n s  p rov ide  cons is ten t  
p red ic t i ons .  The f i r s t  comprises p a r a l l e l  p y r o l y s i s  and s o l v o l y s i s  reac t i on  
pathways, t h e  l a t t e r  occu r r i ng  through a so lvated reactant  i n te rmed ia te  t o  which 
p y r o l y s i s  i s  denied. 
s o l v o l y s i s  pathway w i t h  associated r a t e  constants t h a t  are pressure dependent. 
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Table 1 
Reaction Condi t ions 

Reactant 
Concent r a t i o n  Temperature/'C Hold ing Time/min 

1.71 
1.71 
1.71 

0.564 
0.688 
0.604 

0.547 
0.521 

374 
374 
374 

386 
386 
386 

300 
300 

15 
45 
60 

5 
20 
30 

10 
20 

Table 2 
Rate Expression Parameters Used i n  t h e  P red ic t i on  of  F igure 5 

Pa ramet e r 

n 

k l  

kS 

m 

k 2  401 

Value 

1 

0.06 sec-1 

1.5 mol-1 

1 

0.3 sec-1 mol - 1  
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Figure SA 
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Chemical Model l ing  in the Manipula t ion  of Lignin  Pyro lys is  P a t h w a y s  

John B. McDermott, Michael T. Klein and John R. Obst' 

Department of Chemical Engineering, U n i v e d Q  of Delaware, Newark, DE 19716 

'USDA Forest Pmducts Laboratory, Box 5130, Madison WI 53705 

1. I n t r o d u c t i o n  

Lignin is an abundant renewable resource of chemical structure apparently amenable to pyrolytic 

depolymerization to phenolics. However, the utility of recovered products is low, as only 1CL15 wt.% of 

lignin mass is typically recovered as single-ring phenolics and the major products are gases, char and 

other high-molecular weight materials. 

Chemical modelling provides insight into the intrinsic chlmical pathways that superimpose t o  make 

observable lignin pyrolysis complex. This use of model compo,md information can also implicate both 

:he favorable and deleterious reaction pathways that may be susceptible to acceleration or 

circumvention through catalysis or solvolysis. Along :hese lines, the three classes of experiments 

reported herein are of : i) lignin pyrolysis; and  thusly derived modification strategies of u) catalytic 

dehydrogenation of lignin prior to pyrolysis and iii) solvolytic depolymerization of lignin in supercritical 

water (SCW). We focus on the reactions of the Bethers that  help link lignin into a polymer, of which 

the glycols veratrylglycol-~-guaacyl ether ( VGE, structure I ) and guaiacylglycol-Bgu$acyl ether ( 

GGE, structure Il ) are simple model.  

I 4 
Thermolyses of pine wood, kraft lignin and a milled wood lignin in S W  also permit scrutiny of the 

relevance of model results to the reactions of real systems. 

2. Exper imenta l  

Table I summvizes the experiments in terms of the reactants, catalysts and solvents, a$ well as the 

asso4ated reaction conditions of temperature, pressure and reactants' concentrations. The reactants 

VGE and GGE were synthesized as described fully elsewhere (1). The reactor was a 316 stainless steel 

batch tubing bomb whose construction and use has been described fully elsewhere (2). Product 

analysis was accomplished by GC and GCMS, which enabled the calculation of a mas6 balance index, 

def,e& here as the sum of the masses of the product spectra components divided by the initial ma% 
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of substrate charged t o  the reactor. 

3. Result. and D i s c d o n  
Resdts M discussed in two major sections. Within the f i t ,  three subsections delineate model 

compound pyrolysis results, a pyrolysis network, and a brief motivation of the modiliution strategies, 

respectively. Within t h e  second major section, subsections present the results and implications of 

model compound, lignin and whole-wood experiments pertainiig to the modfication strategies. 

S.l. Pyrolysis Results and Implications 

3.1.1. Products and K i n e t i w  

5 The four major products of VGE pyrolysis were guaiacol, 3,4-dimethoxyacetophenone (34- 
DMA), and cis and trans forms of the vinyl ether ID. 

m Iv 
Less abundant products were *cresol, reratrole, 3,4-dihydroxyacetophenone, glyolaldehydeguaiacol ether 

(IV), ~hydroxy-3,4-dimethoxyacetophenone and a dimer of the vinyl ether that  had a molecular weight 

of 572 (such as V). 

The temporal variations of both the mass balance and the major products’ molar yields are shown in 

Figure 1 for pyrolysis at 315OC . The mass balance nonclosure became more severe as both reaction 

temperature and time increased and asymptotically approached an approximate value of 0.4. The 

positive initial slope of the  vinyl ether (both cis and trans forms) is suggestive of primary product 

formation. Guaiacol appeared with a smaller but nonzero initial slope and was likely a minor primary 

product; the large ultimate yields of guaiacol indicate that i t  was also a significant secondary product. 

Similarly , 3,4-DMA appeared with a small positive slope that suggests primary product formation. 

The vsriation of the product spectrum with pyrolysis temperature is informative. The only observable 

products a t  250% were the two forms of the vinyl ether, which were s y m p t o t i c d y  stable with time, 

and trace amounts of guaiacol. At the two intermediate temperatures the vinyl ethers appeared with 

initial slopes far greater than that for guaiacol and attained maxima in yield before undergoing 

secondary decomposition. Pyrolysis was so facile a t  380% t h a t  the initial slopes of both vinyl ethers 

and guaiacol could not be determined with precision. Guaiacol yields traversed a madmum at this 

temperature and its secondary decomposition was to *cresol, phenol and catechol products. I t  is also 

interesting to note t h a t  the yield of guaiacol was always in excess of the sum of the yields of 3,CDMA 
and its likely second,ary reaction products acetovanillone and 3,kdihydroryacetophenone @HA). 
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GGE. The major proucts of GGE pyrolysis at 250'C were guaiacol and acetovanillone; lesser 

amounts of cis and trans 1-(3-methoxy-Phydroxyyphenyl)% (2-methoxyphenox~.) ethylene (vinyl ether VI) 
and vinyl-guaiacol 

VI 
The temporal variations of the molar yields of the major products and the mass balance are shown 

in Figure 2. The disappearance rate of GGE far exceeded that of \'GE. T h e  mass balance 

approached an approximate value of 0.4, as was observed for VGE pyrolysis. The initial slopes of 

guaiacol and acetovanillone formation were both positive, suggesting these t o  be primary products, 

although tha t  for guaiacol far exceeded that for acetovanillone. The acetovanillone yield passed 

through a madmum a t  approximately 30 min whereas guaiacol appeared t o  be stable with time. 

Finally, both forms of the ~ i n y l  ether \'I appeared to be primary products. whereas vinyl-guaiacol 

appeared t o  be the product of a secondary reaction. 

S.1.2. Reaction Pathways 

The foregoing suggests tha: VGE pyrolysis comprised the pathways illustrated in Figure 3. Two 

primary pathways were operative, the major of which being dehydration t o  the vinyl ethers and the 

minor being direct fragmentation to guaiacol and, likely, an enol intermediate capable or rapid 

tautomerization t o  3,4-DMk Each of the primary products was susceptible t o  secondary reactions. The  

detection of the dimer of the vinyl ether as well as the progressive nonclosure of obsenable products' 

material balance are both indicative of vinyl ether polymerization to species too heavy to elute during 

GC analyses. Paring of the rinyl ether or its presumed oligomers was b o  clearly operative. It is 

noteworthy tha t  the ultimate material balance of 0.4 is closely equal t o  the weight fraction of the 

guaiacol moiety in VGE. 

Whereas GGE pyrolysis pathways were analogous to those for \'GE, the selectivity t o  each was 

markedly different: 0-8 dehydration of GGE was much less signficant than its cleavage to guaiacol and 

acetovanillone. The large yields of guaiacol, far in excess of the acetovanillone yields, indicate secondary 

guaiacol formation by the cleavage of the guaiacyl group from the vinyl ether VI or any of its 

subsequent polymers. Of interest is the presence of vinyl-guaiacol, which could be a product of the 

homolytic cleavage of vinyl ether VI. Its analogue, vinyl-veratrole, was absent from VGE pyrolysis. 

Acetovanillone was subject t o  secondary degradation. 
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3.1.3. Motivation of C n t s l y t i c  and Solvolytic Modification S t ra teg ies  

The pyrolysis results detailed above show that a significant pe ther  reaction pathway was its 

undesirable dehydration to a vinyl ether that subsequently underwent yield-reducing polymeriration 

reactions. The ultimate recovery of single-ring products from these substrates could thos be enhanced 

by reducing the reaction selectivity to the dehydration pathway. Catalytic dehydrogenation of the 

aliphatic hydroxyls of VGE and GGE to carbonyls would not only prevent the  dehydration, and thos 

circumvent ita asaaiated ill effects, bu t  also allow better utilization of the two snbstrate hydrogen 

atoms that would otherwise be rejected with the nater. For example, shuttling of this hydrogen would 

allow for the stabilization of free-radical formed during the subsequent pyrolysis of a dehydrogenated 

and deoxygenated residue. 

The selectivity of the B-ether reactions may be modired by SCW as well. For example, Lawson and 

Kiein (2) showed that the  reaction of guaiacol in Sa$’ was a superposition of parallel pyrolysis and 

hydrolysis pathways, the selectivity to the latter increasing with increasing water density. The 

hydrolysis of guaiacol t o  catechol and methanol was in material balance and the water apparently 

suppressed a secondary char-forming reaction of catechol. Also. Townsend and Klein (3) showed that 

the hydrolysis by SC\Y of DBE to benzyl alcohol competed with the slower pyro!ysis of DEE toluene 

and benzaldehyde. It thus  seems reasonable that hydrolysis of the &ethers by pathways formally 

similar to those observed for DBE hydrolysis could compete w i t h  the formation of the vinyl ethers and 

circumvent its polymerization. In short, the reactions of guaiacol and DBE in S O \ ’  suggest that a 

suitable modMcation of the be ther  reaction might be achieved in SCW. 

In what follows directly we describe the results of the experiments relevant to both of these strategies 

3.2. Modification S t ra tegy-Rela ted  Resul t s  

3.2.1. Cata ly t ic  Dehydrogennt ion  of VGE and G G E  

Catalytic dehydrogenation of VGE over Ni/SiO,-Al,O, a t  25OoC yielded guaiacol, B,CDMA, 1- 

veratry!-2(2-methoxy-phenoxy)-ethanone-l (the dehydrogenated form of VGE, structure W ), and trace 

amounts of vinyl ether. T h e  rate of VGE conversion 

VU 
was roughly threefold higher in the presence of the catalyst than when VGE was pyrolyied neat. 

Figure 4 illustrates the temporal variations of product molar yields for reaction at 250OC. The initial 
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The variation of methanol yield with water density 'is illustrated in Figure 7. The addition of 

external water caused a greater than five-fold increase in the m a s  yield ol methanol over tha t  

obtained from neat pyrolysis. The insigniiicant dflerence between the yields of methanol observed 

from py~olysis a t  the two highest water densities suggests that  both of these p p b s e s  were at 

essentially infmite dilution in water. 

For both temperatures examined, the sum of the yields of guaiacol, methyl-guaiacol, catechol and 

methykatechol were only slightly sensitive t o  water density. However, the yields of these phenolics 

increased monotonically with time during neat thermolysis. In contrast, the yield of guaiacols traversed 

relative maxima while the yields ol catechols increased or were asymptotically stable during reaction in 

water. Aiso, the  decay of guaiacols was fastest at  the highest reduced water density of 1.6 and their 

maxima in yield occurred a t  10 min, compared to 20 min at  the intermediate reduced water of 0.8. In 

general, the total yields of the four major phenolics increased with temperature with the influence of 

the water being slightly greater but still small a t  the higher temperature. 

Thus the reaction of kraft lignin in SC\V included pyrol>-sis and solvolysis reaction pathways. The 

h>-drolysis of the  aromatic methoql  groups increved methanol yields and shifted the phenolic pro2uct 

spectrum from guaiacols towar6 catechols . Interestingly, since the ma% yield of methanol of 5-6 ut% 

R'Z higher than the sum of the mass yields of all of the various phenolics, most of the rnethanbl k e l y  

resulted from hydrolysis of the methoql  groups present in the structural skeleton of lignin. These 

methoxyl groups would be lost t o  the char fraction under neat pyrolysis conditions. 

Milled-wood Lignin. Pyrolysis of milled-wood lignin neat and in the presence of supercritical water 

a t  383'C yielded methanol, guaiacol, methyl-guaiacol; catechol and methyl-catechol as major products. 

The temporal variations of the single-ring products are shown in Figure 8. The positive initial slopes 

of guaiacol and methyl-guaiacol indicate primary formation of these products. The zero initial slope of 

catechol and methyl-catechol suggest secondary product formation. The guaiacols traversed maxima a t  

approximately 10 min for reaction both neat and in SCW . The sum of the four major phenolic 

products increased twofold in the presence ol SCW. This is markedly different from the kraft lignin 

results where no net increase of the phenolics was noted. 

Figure 9 shows the temporal variations of the methanol yields parametrically with reduced water 

density. The initial slopes of the methanol yields indicate primary product formation for all cases. The 

yields of methanol increased approximately fourfold with the addition of external water. The 

intermediate density produced virtually the same methanol results as the highest density. The is 

t o  the kraft lignin results. 

Loblolly P i n e  Wood. Neat pyrolysis of loblolly pine wood at 383'C yielded methanol and guaiacol 
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slopes Gf both guaiacol and 3,kDMA are near zero and thus suggestive of secondary product formation. 

The  l-reratryl-2(2methoxyy-phenoxy)-ethanone-l had a small bu t  positive initial slope and was likely a 

primary product. AU products attained maxima a t  approximately twenty minutes. T h e  maximum yield 

of singlering products (guaiacol and 3,CDMA) was approximately 0.43, which cornpara, with the 0.06 

yield obtained from neat thermolysis a t  25OoC for 30 minutes. Particularly notable in this enhanced 

product recovery waa the lruge yield of 3,CDMA which represents the veratryl portion of the VGE 
molecule. The initial rate of formation of 3,CDMA approximately equaled tha t  for guaiacol but the 

ultimate yields of 3,CDMA were in excess due to the secondary degradation of guaiacol. Thw portion 

of VGE recovered as 3,4-DMA was normally lost to the vinyl polymerization during neat pyrolysis. 

i 
I 

Thus catalysis by Ni/SiO,-A,O, not only effected the desired dehydrogenation but  also appeared to 

crack the resulting ketc-ether with hydrogen addition. The net reaction of VGE to guaiacol and 3,k 

DXU was thus in hydrogen balance and a selective rearrangement of the hydrogen already present in 

the substrate. 

T h e  catalysis of GGE over Ni'i/Si@,-A$@, yielded the same major products as did its pyrolysis: 

guaiacol, acetovanillone, vinyl-guaiacol and cis and trans forms of vinyl ether VI. However, the rate of 

GGE reaction was signscantly higher than observed during its pyrolysis, as its conversion was 

essentially 1.0 after a reaction time of only 10 min. This rate also exceeded the rate of VGE catalysis. 

The temporal variations of the product molar yields and mass balance are depicted in Figure 5. The 

mass balance quickly dropped to 0.2. The only product observed in a significant yield was guaiacol, 

and its initial rate of formation was higher than for GGE pyrolysis. Guaiacol wzs also subject to a 

moderate secondary reaction. The rate of formation of vinyl ether VI was approximately equal to that 

for neat pyrolysis indicating little or no inhibition of the dehydration pathway by the catalyst. A 
ketc-ether analogous to W , and hence any evidence of a dehydrogenation pat.hway, was not observed. 

T h e  presence of the catalyst thus seemed both to enhance the deleterious dehydration and 

polymerization pathways as well as to promote charring of guaiacol. 

S.2.2. Solvolysis i n  S u p e r u i t i c d  WA* 
Kraft L i d n .  The major products of kraft lignin pyrolysis both neat and in water were methanol, 

guaiacol, methyl-guaiacol, catechol and methyl-catechol. Smaller amounts of phenol and cresols were $ro 

detected. 

Temporal variations of these major products for reaction a t  383'C m shown in Figure 6. The 

positive initial slopes associated with guaiacol and methyl-guaiacol shown in Figure 6 indicate that 

these were primary products. Slopes for catechol and methykatechol of essentially cero indicate that 

these were secondary products. The small positive initial slope for methanol suggests that it formed 

by a primary pathway, although it  WM likely both a primary and a secondary product. 
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while reaction in the presence of supercritical water at  the same temperature yielded methanol, 

guaiacol, methyl-guaiacol, catechol and methyl-catechol as major products. 

The kmporal variations of the singlering products are shown in Fmre 10. T h e  initial slope 

associated with guaiacol yield from neat pyrolysis was toosmall to be determined conclusively. However, 

for reaction in SCW, the initial r a k  of formation of both guaiacol and methyl-guaiacol WM positive 

and these thus appear to have been primary p7oducts. Catechol and methykakchol  w e n  evidently 

secondary products . The overall yield of singlering phenolics increased threefold with the addition of 

external water. 

The temporal variations or the yield of methanol is shown in Figure 11 lor two reduced water 

densities. The initial slopes indicate primary product formation in both cases. The yield of methanol 

w a  virtually unaffected by the addition of water, which is consistent with the isolakd lignin 

experiments. During pyrolysis, the carbohydrate fraction of the wood should lead t o  significant yields 

of water capable of hydrolyzing the methoxyl groups present in the lignin. Siice the milled-wood lignin 

results demonstrated the attainment of an asymptotic yield as t h e  external water loading increased. the 

addition of external water to the wood would prove an insignificant increment to the water originatins 

from the carbohydrate pyrolysis. 
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Reactant 

VGE 

VGE 

VGE 

VGE 

GGE 

VGE 

GGE 

K r a f t  L ign in  

K r a f t  L ign in  

K r a f t  L ign in  

K r a f t  L ign in  

K r a f t  L ign in  

1 

Table I - Summary o f  Reactants and Reaction Condi t ions 

Loading (mg)* 

15 

15 

15 

15 

15 

15 

15 

15 

15 

15 

15 

15 

Milled-Wood L i g n i n  10 

Milled-Wood L i g n i n  10 

Milled-Wood L i g n i n  10 

Pine Wood 35 

Pine Wood 35 

*Reactor Volume was 0.589 crn3 

Temperature 

250°C 

315°C 

335°C 

380°C 

250°C 

250°C 

250°C 

383°C 

383°C 

383°C 

408°C 

408'C 

383OC 

383°C 

383°C 

383°C 

383OC 

Pressure (ps ia )  

26 

29 \>  

30 

32 

26 

26 

26 

32 

4260 

3466 

34 

5750 

32 

4260 

2467 

32 

4260 

4 1 2  

i 
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